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INTRODUCTION 


Work  under  this  contract  was  limited  to  the  development  of  a  method  for 
conducting  Material  Trade-Off  Studies  for  merchant  ships,  and  to  the 
performance  of  a  sample  calculation  to  demonstrate  that  method.  The  contract 
did  not  include  the  development  of  a  method  applicable  to  non-merchant  vessels, 
or  the  development  of  computer  programs  to  perform  the  calculations,  or  the 
preparation  of  data  needed  for  the  sample  calculation.  Valid  data  were  to  be 
used  when  available;  where  such  data  could  not  be  obtained,  reasonable  estimates 
were  to  be  used  to  illustrate  the  application  of  the  method. 

The  purpose  of  a  Material  Trade-Off  Study  is  to  evaluate  the  desirability 
of  a  proposed  new  material  for  merchant  ship  structure.  Implicit  in  the  term 
"Trade-Off  Study”  is  the  requirement  that  there  be  at  least  two  alternates  to 
be  compared.  For  Material  Trade-Off  Studies,  the  alternate  material  used  for 
comparison  is  steel.  Steel  was  selected  because  of  its  use  and  acceptability 
throughout  the  shipbuilding  industry. 

The  method  developed  during  this  project  provides  a  rational  and  systematic 
way  to  compare  a  ship  built  of  any  proposed  new  material  with  a  similar  ship 
built  of  steel.  This  approach  is  intended  to  meet  the  needs  of  a  shipowner  who 
wants  to  investigate  the  use  of  an  alternate  structural  material  for  a  specific 
ship  design.  It  is,  however,  a  very  flexible  method  and  is  equally  well  suited 
to  the  needs  of  a  material  supplier  who  wants  to  find  new  applications  for  his 
product,  or  to  the  needs  of  a  researcher  who  wants  to  improve  existing 
materials  or  develop  new  ones.  The  method  can  be  used  to  evaluate  the 
desirability  of  an  alternate  material  for  an  entire  ship  structure,  or  for 
any  selected  part  of  that  structure  (such  as  cargo  holds  or  bottom  shell)  ;  it 
thus  permits  the  consideration  of  different  materials  in  different  parts  of 
the  ship.  It  can  also  be  used  to  evaluate  the  effect  of  proposed  changes  in 
material  properties,  and  thus  to  indicate  the  desirability  of  proposed  research 
and  development  of  improved  materials.  The  method  is  well  adapted  to  computer 
operation  and  can  be  used  for  parametric  studies  as  well  as  for  investigations 
of  single  ship  designs. 

CONCLUSIONS 

Work  performed  during  this  study  has  produced  a  viable  method  for  evaluating 
the  use  of  a  proposed  new  material  in  the  structure  of  merchant  vessels.  The 
method  is  based  on  comparison  of  a  ship  built  of  the  new  material  with  a 
similar  steel  ship.  It  includes  systematic  techniques  for  substituting  the  new 
structural  material  in  place  of  steel,  for  "optimizing"  the  resulting  new  ship, 
for  developing  the  construction  costs  of  that  optimized  ship,  and  for 
evaluating  the  worth  of  the  new  ship  compared  to  the  original  steel  ship. 

Caution  must  be  used  in  interpreting  the  results  of  any  Material  Trade-Off 
Study  using  this  method.  The  results  of  such  a  study  apply  only  to  the 
particular  circumstances  investigated  (the  specific  ship,  cargo,  owner  and 
trade  route)  and  do  not  necessarily  apply  in  other  cases.  It  is  not  safe, 
therefore,  to  draw  general  conclusions  about  a  material  from  the  results  of 
one  or  only  a  few  studies. 

There  are  many  reasons  why  Material  Trade-Off  Studies  of  the  same  material 
may  produce  apparently  conflicting  answers  in  different  circumstances.  One 


reason  is  that  the  material  may  not  be  equally  well  suited  to  all  applications. 

An  obvious  example  is  that  a  material  which  is  “very  advantageous"  in  one  trade 
would  be  “undesirable"  in  another  trade  if  it  were  incompatible  with  the  cargo 
carried  in  the  second  trade.  A  less  obvious  example  is  that  a  material  with  a 
relatively  high  acquisition  cost  might  be  "undesirable"  in  a  trade  where  the 
ratio  of  annual  capital  amortization  cost  to  annual  operating  cost  was  high, 
but  "advantageous”  when  this  ratio  was  reversed.  This  means  that  a  study 
involving  the  same  ship  and  cargo  could  produce  different  results  on  different 
trade  routes. 

A  second  reason  for  the  variation  in  results  under  different  circumstances 
is  the  different  requirements  of  different  owners.  As  noted  in  the  section 
"EVALUATION  OF  ECONOMIC  FACTORS",  many  of  the  economic  parameters  used  in 
the  calculation  of  RFR  are  established  by  the  specific  owner.  Changes  in  these 
requirements  are  reflected  by  differences  in  RFR  and,  therefore,  by  changes  in 
final  material  worth. 

A  more  significant  source  of  variation  in  material  assessment  is  in  the 
choice  of  non-economic  "factors”  and  "attributes";  the  assignment  of  "values"  and 
“weights”  for  each  attribute,  as  discussed  in  the  section  "EVALUATION  OF 
NON-ECONOMIC  FACTORS";  and  the  assignment  of  the  (dollar  per  ton)  multipliers 
used  to  convert  "factor  ratings"  to  "factor  worths",  as  discussed  in  the  section 
"COMBINED  EVALUATION".  All  of  these  parameters  are  selected  subjectively  by 
the  owner  or  analyst.  No  two  analysts  would  make  the  same  selections,  so  no 
two  analysts  would  produce  the  same  results. 

The  apparent  lack  of  repeatability  of  calculations  performed  with  this 
method  is  not  a  defect  of  the  system.  Instead  it  reflects  the  basic  fact  that 
the  same  material  will  not  be  equally  good  for  all  applications.  The  surprising 
thing  is  that  the  term  "different  applications"  includes  such  apparently  minor 
variations  as  the  same  ship  for  different  trade  routes,  or  the  same  ship  and 
trade  route  for  different  owners.  It  would,  of  course,  be  possible  to  make  a 
rigid  definition  of  all  the  parameters  that  are  used  in  the  analysis  and  thus 
ensure  repeatability  of  results.  This  approach  was  not  used  and  is  not 
recommended  because  it  would  generalize  the  procedure  to  a  point  where  it  was 
academically  interesting  but  of  no  value  for  practical  use. 

A  sample  calculation  is  included  in  the  report  to  illustrate  the  steps  to 
be  followed  in  a  Material  Trade-Off  Study.  This  calculation  evaluated  the  use 
of  5456  aluminum  for  the  hull  structure  of  a  bulk  carrier  transporting  ore  from 
Seattle  to  Yokohama.  Evaluation  was  performed  from  the  point  of  view  of  a 
(hypothetical)  ship  owner.  If  a  different  viewpoint  were  used,  some  of  the 
evaluation  criteria  would  change  and  the  results  might  be  different. 

Three  aluminum  ship  configurations  were  developed.  One  had  the  same 
geometry  as  the  steel  ship  (with  greater  cargo  capacity) ,  one  had  the  same 
cargo  capacity  (with  a  different  ship  size)  ,  and  the  third  had  the  cargo  capacity 
(and  ship  size)  increased  to  reduce  RFR.  Results  of  the  study  are; 
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SHIP  TYPE 

EVALUATION 

WORTH  OF  ALUMINUM 

same  geometry 

pessimistic 

-  0.41  $/ton 

most  probable 

-  0.32 

optimistic 

-  0.22 

same  cargo  capacity 

pessimistic 

-  0.69 

most  probable 

-  0.60 

optimistic 

-  0.51 

increased  cargo  capacity 

pessimistic 

-  0.21 

most  probable 

-  0.11 

optimistic 

-  0.02 

Negative  worths  mean  that  aluminum  is  less  desirable  than  steel.  These 
worths  can  be  compared  directly  with  the  steel  ship  RFR  of  9.44  $/ton  to  assess 
the  importance  of  the  numbers.  On  the  basis  of  the  sample  study,  aluminum 
would  not  be  recommended  for  the  needs  of  this  owner. 

METHOD 


Evaluation  of  the  desirability  of  a  proposed  new  material  for  merchant 
ship  hull  structure  can  be  done  in  a  straightforward  manner  as  shown  in  Figure  1. 
A  steel  ship  is  selected  to  serve  as  the  standard  against  which  the  new  ship 
can  be  compared,  a  ship  using  the  new  material  is  designed,  and  the  advantages 
and  disadvantages  of  the  two  ships  are  quantified.  For  merchant  ships,  the 
primary  attribute  to  be  measured  is  profitability.  This  is  frequently  expressed 
in  terms  of  Required  Freight  Rate  (RFR) ,  so  RFR  is  used  as  the  measure  of 
merit  in  this  study.  Non-economic  factors  are  expressed  as  an  equivalent 
percentage  of  this  value  and  combined  with  it.  The  resulting  numerical  rating 
is  a  measure  of  the  worth  of  the  new  material  in  the  specific  circumstances 
studied.  This  evaluation  process  involves  six  steps. 

The  first  stop  is  to  select  a  steel  ship  on  which  to  base  the  trade-off 
study.  It  may  be  an  existing  ship  or  a  proposed  new  design.  When  the  study  is 
being  performed  for  a  specific  owner,  cargo  and  trade  route,  this  selection  is 
simple;  but  when  the  study  is  intended  to  provide  general  information  about  a 
proposed  material,  the  selection  is  more  complex.  The  apparent  worth  of  a  new 
material  is  affected  by  the  type  of  steel  ship  with  which  it  is  compared.  For 
example:  a  material  which  reduces  structural  weight  may  be  very  advantageous 
for  carrying  a  dense  cargo  such  as  iron  ore  but  may  be  of  no  value  for  a  light 
cargo.  A  material  with  high  resistance  to  fouling  and  corrosion  but  poor 
cold  weather  properties  may  be  very  advantageous  in  the  tropics  but  unsuitable 
for  operation  in  Arctic  ice.  It  is  important  to  remember  that  the  results  of 
an  evaluation  under  one  set  of  conditions  cannot  be  applied  to  other  sets  of 
conditions  without  careful  reanalysis. 

When  the  cargo  and  trade  route  have  been  established,  the  characteristics 
of  the  specific  steel  ship  can  be  selected.  This  ship  will  serve  two  purposes. 
First, it  will  serve  as  the  "parent"  for  design  of  a  comparable  and  similar 
ship  of  the  new  material.  Second, it  will  serve  as  a  "base"  for  quantification 
of  the  superiority  or  inferiority  of  the  new  material  under  the  specified 
circumstances. 
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The  second  step  is  to  develop  a  ship  structural  design  using  the  new 
material.  This  new  design  is  based  on  the  ship  selected  in  Step  One,  using 
the  same  ship  lines,  powering,  and  general  arrangement.  The  new  structure  can 
be  designed  by  any  standard  Naval  Architectural  methods,  or  it  can  be  adapted 
from  the  steel  ship  structure  as  described  in  the  section  "STRUCTURAL  DESIGN 
DEVELOPMENT".  The  latter  method  is  recommended  when  several  ship  designs  or 
materials  are  involved  because  it  is  quicker  and  less  expensive,  and  because 
it  produces  consistent  results  when  many  comparisons  are  to  be  made. 

The  third  step  is  to  "optimize"  the  new  design.  This  process  involves 
modifications  to  the  "new  ship"  design  to  improve  its  worth  to  the  shipowner. 

These  modifications  may  include  changes  to  things  such  as  principal  characteristics, 
cargo  capacity,  speed  and  power,  and  even  to  the  type  of  machinery  if  the 
changed  power  permits,  but  they  should  not  include  changes  to  things  such  as 
cargo  handling  apparatus,  outfitting,  etc.  Normally,  the  steel  ship  design 
should  not  be  modified,  but  in  some  cases  it  may  be  necessary  to  optimize  that 
design  also  to  ensure  a  fair  comparison  between  materials. 

The  optimization  process  can  be  done  intuitively  by  any  good  Naval 
Architect,  or  it  can  be  systematized  and  programmed  for  computer  operation. 
Development  of  such  a  program  was  excluded  from  the  scope  of  this  contract  and 
no  complete  program  is  currently  available.  A  preliminary  version  of  such  a 
program  is  described  in  the  section  "DESIGN  OPTIMIZATION". 

The  fourth  step  is  to  quantify  the  success  with  which  the  new  ship  fulfills 
its  mission,  as  compared  with  the  parent  steel  ship.  The  mission  of  a  merchant 
ship  is  to  earn  money,  so  the  measure  of  merit  used  for  this  analysis  is 
Required  Freight  Rate  (RFR) .  RFR's  are  calculated  for  each  ship;  the  difference 
between  them  expresses  numerically  the  economic  advantage  or  disadvantage  of 
the  new  material  for  the  specified  service.  Any  standard  method  can  be  used 
for  calculating  RFR;  Appendix  A  describes  a  generalized  computer  program  which 
is  suitable  for  merchant  ship  applications.  This  program,  or  any  other  program, 
requires  the  ship  construction  cost  as  part  of  the  input  data. 

Construction  costs  of  the  steel  ship  are  included  in  the  desiqn  information 
collected  for  that  ship.  Construction  costs  for  the  new  ship  can  be  estimated 
by  normal  cost  estimating  techniques,  or  can  be  extrapolated  from  the  steel 
ship  data  as  discussed  in  the  section  "EVALUATION  OF  ECONOMIC  FACTORS".  The 
latter  technique  can  be  systematized  and  combined  with  the  computer  program 
recommended  in  Step  Three. 

The  fifth  step  is  to  evaluate  the  effect  of  non-economic  factors  on  the 
desirability  of  the  new  material.  Normally  for  a  merchant  ship,  economics  are 
all-important.  However  other  factors  should  also  be  considered;  in  cases 
where  the  economic  differences  are  small,  these  other  factors  may  govern.  For 
example,  consider  Risk.  If  an  exotic  material  is  used  which  can  be  welded  at 

only  one  or  two  building  yards,  the  ship  operator  faces  the  risk  that  the  ship 

will  be  damaged  while  it  is  far  from  those  yards  and  will  be  out  of  service 

until  it  is  towed  to  one  of  them  for  repair.  Such  a  risk  cannot  be  measured 

economically  but  might  negate  a  small  advantage  in  RFR. 

The  section  "EVALUATION  OF  NON-ECONOMIC  FACTORS"  describes  how  these 
factors  can  be  analyzed.  The  analysis  method  is  applicable  to  any  non-economic 
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factors.  Five  such  factors  have  been  described  in  the  present  study.  These 
can  be  deleted,  or  replaced,  or  supplemented  by  other  factors  to  suit  the 
needs  of  any  particular  owner,  without  affecting  the  method  of  the  Material 
Trade-Off. 

The  sixth  step  is  to.  combine  the  results  of  the  non-economic  factor 
evaluation  with  the  RFR  advantage  or  disadvantage  of  the  new  material.  The 
resulting  number  is  a  quantified  measure  of  the  worth  of  the  new  material  for 
the  selected  application.  The  method  for  obtaining  this  final  number  is 
discussed  in  the  section  "COMBINED  EVALUATION". 

STEEL  SHIP  SELECTION 


Almost  any  steel  ship  can  be  used  as  the  base  ship,  but  there  should  be  a 
reasonable  amount  of  information  available  to  the  analyst.  He  will  need  such 
data  as  ship  operation  and  construction  costs,  geometry,  weights,  speed, 
horsepower  and  crew  size.  Information  that  is  not  available  must  be  estimated, 
so  the  amount  and  accuracy  of  the  available  data  directly  affects  the  quality 
of  the  analysis. 

The  selected  ship's  cargo,  trade  route,  and  general  characteristics  also 
affect  the  evaluation.  A  new  material  being  investigated  will  not  be  equally 
suited  to  all  cargoes  and  trade  routes.  For  example,  a  lightweight  material 
might  be  advantageous  where  the  steel  ship  was  weight  limited,  but  might  offer 
no  advantage  if  the  ship  were  volume  limited.  When  an  analysis  is  undertaken 
for  a  specific  owner,  that  owner  will  specify  the  service  to  be  investigated. 

If i  however,  general  information  is  needed  on  the  performance  of  a  proposed 
new  material,  the  choice  of  service  is  more  difficult.  In  this  case,  it  may  be 
necessary  to  perform  a  series  of  trade-off  studies,  using  various  types  of 
steel  ships,  to  be  able  to  draw  general  conclusions  as  to  the  usefulness  of 
the  new  material. 

Once  the  ship  type,  cargo,  and  trade  route  have  been  established,  a  steel 
ship  representative  of  that  service  can  be  chosen.  As  this  steel  ship  will  be 
used  both  as  a  base  for  developing  the  new  material  ship  and  as  a  standard  of 
comparison  for  that  vessel,  it  must  be  chosen  carefully.  It  should  be  a 
successful,  modern  design  which  would  be  suitable  for  any  new  construction 
program. 

STRUCTURAL  DESIGN  DEVELOPMENT 


General  Description 

The  structural  development  section  of  the  evaluation  process  produces  a 
"new"  vessel  which  has  the  same  lines  and  arrangement  as  the  selected  steel 
vessel.  The  only  difference  between  the  two  ships  is  that  the  proposed  new 
material  is  used  for  main  hull  structure  in  place  of  steel.  This  new  structural 
design  may  be  prepared  by  standard  Naval  Architectural  calculations,  or  it  may 
be  synthesized  from  the  steel  structure  as  described  below.  The  level  of 
detail  of  the  new  structural  design  should  be  approximately  that  produced  in  a 
normal  preliminary  design  study. 
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Structural  Synthesis 

Structure  of  the  steel  ship  is  broken  down  into  "components"  such  as  panels 
of  stiffened  plating,  or  pillars.  An  "equivalent"  component  of  the  new  material 
is  developed  for  each  of  these.  (The  term  "equivalent  component"  means  one 
which  satisfies  whatever  structural  requirements  are  applicable  to  it  equally  as 
well  as  the  steel  component  it  replaces.)  The  new  components  are  reassembled 
into  a  new  hull  structure,  and  the  new  structure  checked  both  for  compatibility 
between  its  parts  and  for  overall  strength. 

The  magnitudes  of  the  loads  on  each  component  are  not  calculated,  but  the 
type  of  loading  is.  "Equivalence"  between  a  new  material  and  steel  for  each 
component  may  be  different  for  different  loading  conditions  (tension,  shear, 
combined,  etc.),  so  that  the  new  component  scantlings  depend  on  the  type  of 
load  the  component  carries.  If  the  steel  component  is  adequate  for  the  imposed 
load, any  "equivalent"  new  material  component  will  also  be  adequate  for  that  load, 
so  it  is  not  necessary  to  calculate  the  magnitudes  of  the  loads. 

"Equivalence"  depends  not  only  on  the  type  of  loading  but  also  on  the 
function  of  the  component.  Structures,  such  as  a  watertight  bulkhead,  which  is 
loaded  only  in  an  emergency  and  then  is  stressed  beyond  yield,  may  require 
different  equivalencies  from  structure,  such  as  a  deep  tank  bulkhead, which  is 
loaded  frequently  and  whose  design  stresses  are  well  below  yield.  If  the 
mechanical  properties,  such  as  the  stress-strain  curve,  of  the  new  material  are 
different  from  those  of  steel,  the  equivalency  at  working  stresses  may  be  very 
different  from  the  equivalencies  at  yield,  ultimate  or  fatigue  stresses.  Also, 
configurations  with  equal  strength  frequently  produce  widely  different  deflections 
and  deflection  may  be  the  controlling  factor.  All  of  these  possibilities  must 
be  considered  in  substituting  new  components  for  steel. 

Selection  of  Existing  Structural  Components 

The  main  hull  structure  of  the  steel  ship  is  broken  down  into  major  segments, 
such  as  transverse  bulkheads,  longitudinal  bulkheads,  side  shell,  decks,  etc. 

These  segments  are  in  turn  broken  down  into  components  which  can  be  handled  by 
substitution.  The  basic  components  to  be  considered  are: 

1.  Struts  or  Columns 

2.  Stiffened  or  Unstiffened  Plates 

3.  Beams  or  Girders 

Any  structure  which  does  not  fall  in  one  of  these  three  categories  is  treated  on 
a  case  basis. 

Struts  or  columns  are  usually  long  slender  members  designed  to  carry  an 
axial  compressive  load,  but  many  variations  of  geometry  and  loading  can  be 
found  in  normal  ship  structure. 

Plates  are  usually  flat  and  rectangular.  They  may  carry  in-plantf  tensile, 
compressive  or  shear  loads  as  well  as  normal  loads. 

Beams,  such  as  transverse  webs,  girders  and  side  shell  longitudinals, 
are  usually  sections  that  provide  edge  support  to  plating  panels.  They  are 
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primarily  loaded  in  bending,  but  tensile  and  compressive  loads  may  be  significant. 
Development  of  Loading  Characteristics 


Each  major  hull  segment  has  a  structural  function.  The  steel  components 
of  each  segment  have  been  designed  for  the  type  and  magnitude  of  load,  or 
combination  of  loads,  generated  by  that  function.  The  alternate  material 
components  are  made  equivalent  in  "resistance"  to  the  steel  components;  they 
are,  therefore,  suitable  for  the  loading  to  which  they  are  exposed. 

Types  of  loading  to  be  considered  are: 

1.  In-plane  tension 

2.  In-plane  compression 

3.  In-plane  shear 

4.  Normal  loads 

Types  of  resistance  to  be  considered  are: 

1.  Equal  "ultimate"  load-carrying  capacity 

2.  Equal  "yield"  or  "buckling"  load-carrying  capacity 

3.  Equal  "working”  load-carrying  capacity 

4.  Equal  Reflection  under  working  loads 

5.  Equal  deflection  under  design  loads 

6.  Equal  fatigue  life  under  the  type  of  loading  expected 

The  required  scantlings  for  an  alternate  material  component  are  usually 
different  for  different  combinations  of  "loading”  and  "resistance".  In  cases 
where  the  component  design  is  governed  by  a  single  type  of  load,  and  other 
loadings  are  incidental,  the  corresponding  equivalence  formulas  can  be  used 
directly.  An  example  of  this  would  be  an  oiltight  flat  which  is  also  subjected 
to  minor  shear  loadings  from  ship  tension. 

In  cases  where  the  component  serves  several  major  structural  functions, 
new  scantlings  must  be  calculated  for  each  load-resistance  combination  and 
the  "worst  case"  solution  used.  An  example  of  this  would  be  a  longitudinal 
oiltight  bulkhead  which  forms  part  of  the  main  hull  girder.  For  some 
materials,  the  oiltight  function  of  the  bulkhead  would  govern  the  scantlings; 
for  other  materials,  the  main  hull  girder  function  would  govern.  All  such 
functions  must  be  checked. 

A  major  part  of  any  material  trade-off  study  is  developing  the  necessary 
formulas,  or  graphs  to  establish  the  scantlings  of  alternate  material  components. 
This  is  discussed  below  in  the  section  "DATA  BANK”.  The  steel  ship  must  be 
subdivided  into  components  whose  geometry  and  loading  requirements  are 
compatible  with  the  formulas  available  in  that  data  bank. 


Selection  of  Alternate  Material  Structural  Components 


Using  the  formulas  or  the  tables  and  graphs  from  the  data  bank,  a  new 
material  component  can  be  selected  for  each  of  the  steel  structural  components. 
Several  alternate  components  may  be  available  from  the  data  bank;  in  this  case 
the  following  selection  criteria  is  used. 

1.  Reject  any  component  that  is  not  suitable  for  all  the  types  of  loads 
that  it  may  carry. 

2.  Reject  any  component  which  encroaches  on  space  that  is  essential  for 
some  other  purpose  (e.g.  a  stiffener  size  that  encroaches  on  space  needed  for 
stowing  or  moving  containers) . 

3.  Where  deadweight  is  the  controlling  factor  on  cargo  carrying  capacity, 

trade-off  structural  weight  versus  initial  cost  to  maximize  life-cycle  productivity. 

>* 

4.  Where  volume  is  the  controlling  factor  on  cargo-carrying  capacity, 
trade-off  structural  volume  versus  initial  cost  to  maximize  life-cycle 
producitivity. 

Development  of  the  New  Material  Structural  Configuration 

A  total  ship  structural  configuration  suitable  for  preliminary  design  work 
is  synthesized  from  the  selected  new  material  components.  When  this  has  been 
done,  the  overall  structural  design  is  checked  to  ensure  compatibility  between 
its  various  components.  Each  intersection  is  reviewed  to  ensure  continuity  of 
structure  and  to  eliminate  any  interferences  which  may  occur  between  adjacent 
members. 

Longitudinal  strength  is  checked  by  calculating  a  minimum  required  hull 
girder  section  modulus,  using  the  base  steel  ship's  hull  girder  section  modulus 
and  the  appropriate  stiffener  equivalency  formula  from  the  data  bank.  The  new 
material  hull  girder  section  modulus  is  then  calculated  and  compared  with  the 
required  minimum. 

DESIGN  OPTIMIZATION 

All  ship  designs  are  not  of  equal  quality.  If  several  Naval  Architects 
were  to  produce  designs  meeting  identical  requirements,  those  designs  would 
differ.  Necessarily,  one  of  them  would  be  "best"  and  one  would  be  "worst". 

When  only  a  single  design  is  prepared,  it  is  sometimes  difficult  to  determine 
whether  it  is  good,  bad,  or  average.  The  steel  ship  selected  as  the  "base" 
for  developing  the  new  material  ship  should  be  a  good  design,  one  which  has 
been  optimized  for  its  service. 

If  the  new  material  design  has  been  developed  by  conventional  Naval 
Architectural  methods  and,  therefore,  optimized  to  the  same  standards  as  the 
steel  ship,  no  further  optimization  is  required.  However,  if  the  new 
structural  design  was  developed  from  old  components  by  synthesis,  optimization 
may  be  needed. 

The  process  of  changing  steel  structure  to  a  different  material  can  affect 
the  quality  of  the  design.  Sometimes  these  differences  are  minor  and  easily 


overlooked;  sometimes  they  are  major.  For  example,  consider  a  container  ship. 

If  the  new  structure  encroaches  on  space  needed  for  one  row  of  containers,  the 
reduction  in  the  number  of  containers  is  very  obvious.  If,  however,  the  new 
structure  provides  extra  clearance  around  the  containers,  the  difference  might 
not  be  apparent  but  the  new  ship  would  be  larger  and  more  costly  than  necessary. 
In  this  example,  the  changes  degraded  the  design;  in  other  cases,  the  changes  may 
improve  it. 

Direct  comparison  of  the  new  design  with  the  steel  design  may  be  misleading. 
If,  for  example,  a  "poor"  new  design  is  compared  with  a  "good"  steel  design, 
the  apparent  advantage  of  one  material  over  the  other  may  be  caused  by 
differences  in  design  quality  rather  than  by  differences  in  material.  The  new 
design,  then,  must  be  optimized  to  the  same  criteria  and  level  of  excellence 
as  the  steel  design.  In  some  cases,  it  may  be  necessary  to  make  changes  to 
things  such  as  hull  form  because  of  the  new  material,  but  changes  of  that  type 
are  undesirable. 

In  the  case  of  a  container  ship,  this  modification  is  straightforward.  The 
new  ship  must  be  expanded  or  contracted  to  fit  the  space  required  for  containers. 
In  other  cases  the  choice  is  not  so  easy.  If,  for  example,  the  new  ship  can 
carry  more  cargo  than  the  steel  ship  when  the  hull  and  machinery  characteristics 
are  identical,  there  are  three  options: 

1.  Keep  the  hull  and  machinery  characteristics  identical  and  accept  the 
greater  cargo  capacity; 

2.  Reduce^  the  size  of  the  ship  and  its  machinery  to  make  the  cargo  capacity 
the  same  as  that  of  the  steel  ship;  or, 

3.  Increase  the  size  of  the  ship  and  its  machinery  to  minimize  RFR. 

Although  Option  Three  appears  to  be  the  best  choice,  it  is  not  recommended. 
Normally  RFR  decreases  with  increasing  ship  size.  It  continues  to  decrease 
until  the  ship  becomes  so  large  that  additional  propellers  or  additional  crew 
are  required.  If  the  new  ship  is  arbitrarily  made  larger  to  reduce  its  RFR,  it 
may  make  the  new  material  appear  superior  to  steel  even  though  the  superiority 
is  solely  due  to  the  economies  of  increased  size.  If  this  option  were  to  be 
followed,  the  steel  ship  should  also  be  made  larger  to  permit  a  fair  comparison 
of  the  material  worth.  Changing  both  designs  introduces  complications  and 
potential  errors  and  is,  therefore,  not  recommended.  This  objection  is 
illustrated  in  Appendix  G. 

The  choice  between  Options  One  and  Two  is  less  clear,  but  it  can  have  a 
major  impact  on  the  results  of  any  Material  Trade-Off  Study.  When  the  new 
material  produces  a  lighter  structure  than  steel.  Option  One  will  usually 
provide  a  lower  "new  ship"  RFR  than  Option  Two.  Conversely,  if  the  new  structure 
is  heavier  than  steel,  Option  One  will  usually  provide  a  higher  RFR.  There  are 
no  technical  grounds  for  choosing  one  option  over  the  other;  the  choice  is  a 
matter  of  opinion  as  to  which  option  produces  a  more  nearly  "comparable"  design. 
Option  One  is  recommended  because  it  is  simpler  to  use  and  because  it 
eliminates  any  problems  of  excessive  beam,  draft,  powering,  etc. 

Regardless  of  which  option  is  selected,  the  design  may  need  to  be  modified 
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(as  in  the  example  of  the  container  ship)  to  meet  specific  cargo  requirements. 

If  Option  One  is  used,  these  are  the  only  changes  to  be  made.  If  Option  Two 
is  used,  the  ship  size  and  power  must  also  be  modified  to  make  the  cargo 
capacity  the  same  as  the  steel  ship.  If  Option  Three  is  used,  the  ship  size  and 
power  must  be  modified  to  "optimize"  its  performance  with  respect  to  RFR.  In 
every  case  where  ship  dimensions  have  changed,  the  new  dimensions  must  be 
checked  to  be  sure  they  do  not  exceed  any  limitations  on  beam,  draft,  length, 
horsepower  per  shaft,  etc. 

Modifications  to  the  ship  design  must  be  made  in  a  systematic  and  repeatable 
fashion  to  permit  consistent  and  reliable  comparisons  between  the  modified  ship 
and  the  steel  ship.  Reference  (1)  describes  a  rational  method  for  making  these 
changes.  This  is  further  developed  in  the  paragraphs  below. 

Method  for  Optimizing  the  Ship  Design 

A  full  description  of  the  design  to  be  optimized  must  be  available,  including; 


principal  dimensions 

speed 

power 


l,b,t 

V 

SHP 


weights  -  structure 


machinery 


outfit 


displacement  =  A  =  sum  of  these  weights 


Some  of  the  weights  (structure,  outfit,  ballast)  are  proportional  to 
displacement;  some  of  the  weights  (machinery,  reserve  feed  water,  fuel)  are 
proportional  to  horsepower;  some  of  the  weights  (stores  and  supplies,  personnel 
potable  water)  do  not  vary  with  minor  changes  in  ship  size;  one  of  the  weights 
(cargo)  is  independent  of  ship  size. 


Horsepower  can  be  calculated  by  the  Admiralty  Coefficient  method,  providing 
the  changes  in  ship  size  and  speed  are  not  excessive; 
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Horsepower,  then,  is  proportional  to  the  two- thirds  power  of  displacement,  and 
those  weights  which  are  proportional  to  horsepower  also  vary  as  A2  ^ . 

The  modified  displacement  can  be  found  from  the  formula: 
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This  is  a  cubic  equation  which  can  be  solved  directly  for  the  modified  displacement. 
Horsepower  is  then  calculated  using  the  old  ship  Admiralty  Coefficient,  and 
ship  dimensions  are  varied  in  the  ratio  of  the  cube  roots  of  the  displacements. 


The  modified  ship  design  must  be  checked  to  ensure  that  any  limitations  on 
length,  draft,  beam  or  cargo-hold  dimensions  are  not  exceeded  and  to  ensure 
that  the  horsepower  per  shaft  has  not  become  excessive.  This  process  can  be 
iterated,  with  any  desired  changes  in  principal  dimensions,  speed,  power,  or 
weights,  until  the  design  has  reached  an  "optimum"  based  on  any  specified 
measure  of  excellence.  The  optimized  ship  design  is  then  used  for  comparison 
with  the  steel  ship. 

Computer  Program 

The  design  optimization  procedure  described  above  is  well  suited  for 
computer  programming.  Complete  development  of  such  program  was  specifically 
excluded  from  the  scope  of  this  contract,  but  a  Program  Flow  Chart,  Figure  2, 
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has  been  prepared.  In  addition,  a  preliminary,  simplified  program  was  written 
to  verify  the  processes  of  the  flow  chart.  This  preliminary  program  was  used 
to  develop  the  analyses  shown  in  Appendix  F. 

EVALUATION  OF  ECONOMIC  FACTORS 


The  purpose  of  a  merchant  ship  is  to  make  money.  The  worth  of  any  change 
in  structural  material  must,  therefore,  be  measured  by  the  effect  of  that 
change  on  the  earning  capacity  of  the  ship.  All  other  considerations  are 
secondary. 

A  widely  used  measure  of  earning  capacity  is  the  Required  Freight  Rate 
(RFR).  This  Measure  of  Merit  has  been  selected  for  use  in  the  Material  Trade-Off 
Study.  It  is  defined  as  the  freight  rate,  expressed  in  dollars  per  ton,  which 
must  be  obtained  to  meet  all  expenses,  both  operating  and  amortization  of 
investment,  and  to  produce  a  specified  return  on  investment.  RFR' s  for  the 
steel  ship  and  for  the  new  ship  are  calculated  independently;  the  difference 
between  these  values  is  a  single  number  which  expresses  the  economic  superiority 
or  inferiority  of  the  new  ship. 

Required  Freight  Rate 

Any  economic  analysis  that  computes  RFR  can  be  used.  Reference  26  and 
its  references  describe  several  of  these.  Others  are  used  throughout  the 
industry.  It  is  essential  that  the  same  analysis  method  be  used  for  both  the 
steel  ship  and  the  new  ship  because  different  methods  will  produce  different 
results.  Appendix  A  describes  a  computer  program  which  uses  the  Discounted 
Cash  Flow  method  to  calculate  RFR.  It  was  used  in  the  sample  Material  Trade-Off 
Study  of  this  report. 

The  steel  ship  RFR  is  used  as  a  basis  for  determining  the  importance  of 
the  final  worth  evaluation  of  a  selected  material.  A  ’’new  material"  worth  of 
$0. 30/ton  might  be  considered  insignificant  if  the  total  RFR  were  $40/ton  but 
could  be  very  significant  if  the  total  RFR  were  <$l/ton) .  All  data, which  would 
affect  RFR/must,  therefore,  be  included  in  the  economic  analysis;  it  is  not 
sufficient  to  analyze  only  those  data  which  are  affected  by  the  difference  in 
material. 

The  RFR  calculation  is  based  on  a  complete  analysis  of  the  ship>,  the  trade 
route,  the  costs  of  acquiring  and  operating  that  ship,  and  the  financial 
requirements  of  the  prospective  owner.  Some  of  the  input  required  for  this 
analysis  (things  such  as  the  ship  type  and  trade  route)  is  established  at  the 
start  of  each  Material  Trade-Off  Study.  Some  of  the  input  (things  such  as 
ship  speed  and  cargo  capacity)  is  established  during  the  ship^  optimization. 

Some  of  the  input  (things  such  as  costs  and  financial  requirements)  must  be 
established  as  part  of  the  economic  analysis. 

Operating  costs  and  the  financial  requirements  of  a  prospective  owner  can 
be  developed  from  information  supplied  by  that  owner,  or  from  published 
information  on  similar  ships.  Acquisition  cost,  however,  must  be  developed  by 
the  analyst  himself. 
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Construction  costs  for  both  the  steel  ship  and  the  new  ship  can  be 
developed  by  standard  shipyard  cost-estimating  procedures.  This,  however,  is 
costly  and  time-consuming.  A  simpler  method  is  needed,  particularly  when  the 
study  involves  more  than  one  new  ship.  Such  a  method  is  described  below. 

The  total  cost  of  ship  acquisition  can  be  subdivided  into  cost  classes 
corresponding  to  the  weight  groups  used  for  the  weight  calculation  discussed 
in  the  section  "DESIGN  OPTIMIZATION",  plus  a  separate  class  for  "Administration" 
to  cover  such  things  as  design  costs,  insurance,  owners  representatives,  etc. 

Each  cost  class  (except  "Administration")  can  then  be  defined  by  cost  factors 
(dollars  per  ton) .  "Administration"  costs  can  be  expressed  as  a  percentage 
of  the  total.  The  acquisition  cost  for  any  ship  design  can  be  developed  from 
these  cost  factors. 

Cost  factors  for  the  steel  ship  can  be  calculated  from  actual  cost  data 
(or  cost  estimates)  for  the  specific  steel  ship  selected,  or  generalized  cost 
factors  based  on  industry-wide  averages  can  be  used.  Cost  factors  for  the  new 
ship  will  be  approximately  the  same  as  those  of  the  steel  ship  for  all  classes 
except  "Structure".  A  structural  cost  factor  must  be  developed  for  each  new 
material,  based  on  cost  estimates  for  typical  construction.  All  these  cost 
factors  will  be  prepared  in  the  early  part  of  any  Material  Trade-Off  Study  and 
will  form  part  of  the  data  bank  described  in  the  section  "MATERIAL  DATA  BANK". 

Estimating  costs  by  use  of  cost  factors  related  tc  weight  is  not  as 
accurate  as  the  standard  complete  shipyard  cost  estimate.  It  is,  however, 
sufficiently  accurate  for  a  Material  Trade-Off  Study  because  most  of  the  weight 
groups,  and  the  related  costs,  do  not  change  appreciably  between  the  designs 
to  be  compared.  The  major  cost  change  is  in  "Structure".  The  cost  factor 
for  this  class  can,  if  desired,  be  further  subdivided  into  cost  factors  for 
each  of  the  types  of  structure  included  in  the  data  bank.  The  structural 
cost  can  then  be  developed  piecemeal  as  the  structure  itself  is  developed,  in 
accordance  with  the  method  described  in  the  section  "STRUCTURAL  DESIGN  DEVELOPMENT". 

The  cost  factor  method  permits  rapid  cost  estimating  and,  more  importantly, 
provides  consistent  results  when  several  designs  are  involved.  It  also  has 
the  advantage  that  it  can  easily  be  programmed  for  computer  application.  Such 
a  program  could  be  included  as  part  of  the  "optimization"  program  proposed  in 
the  section  "DESIGN  OPTIMIZATION"  so  as  to  calculate  ship  costs  at  the  same 
time  as  ship  designs. 

EVALUATION  OF  NON-ECONOMIC  FACTORS 

Non-economic  considerations  are  always  less  important  than  economic 
considerations  in  evaluating  the  worth  of  a  merchant  ship.  Non-economic  factors 
must,  however,  be  considered  in  any  complete  evaluation.  Many  such  factors 
have  an  effect  on  the  owner's  expectation  of  profit,  even  though  that  effect 
cannot  be  expressed  in  dollars.  For  example,  the  appearance  of  the  ship  may 
improve  or  degrade  the  reputation  of  the  company  in  the  eyes  of  the  public  and 
the  financial  institutions,  and  thus  affect  the  availability  of  funds;  or  the 
risks  associated  with  a  particular  material  may  increase  or  decrease  the  likelihood 
of  unpredictable  costs  during  the  life  of  the  ship. 


The  effects  of  these  non-economic  factors  are  usually  significant  only 
when  the  difference  in  RFR  is  small,  but  in  some  cases  they  may  change  the 
result  from  "favorable"  to  "unfavorable"  or  vice  versa.  The  present  study  has 
developed  a  method  for  measuring  these  effects  systematically  and  then  combining 
them  with  the  results  of  the  economic  analysis  to  obtain  a  single  numerical 
measure  of  worth. 

Method 


The  method  is  necessarily  subjective  rather  than  objective.  No  two  owners 
will  agree  on  the  importance  to  them  of  all  of  the  non-economic  factors  that 
may  be  considered,  so  the  method  must  permit  each  owner  to  tailor  the  analysis 
to  suit  his  needs.  Appendix  B  shows  the  forms  developed  for  this  analysis. 

The  first  step  is  to  establish  what  non-economic  factors  are  to  be 
considered.  Appendix  B  includes  five  typical  factors: 

Suitability  for  Intended  Use 

Environmental  Impact 

Use  of  National  Resources 

Government  Involvement 

Risk 

Some  of  these  factors  will  be  more  important  to  one  owner  than  to  another.  Any 
particular  owner  may  elect  to  eliminate  some  of  them  or  to  add  others  to  suit 
his  needs. 

Each  factor  is  subdivided  into  "attributes"  which  describe  the  important 
aspects  of  that  factor.  In  this  case  also,  any  particular  owner  may  elect  to 
eliminate  some  of  the  attributes  or  to  add  others  to  suit  his  needs.  Each 
attribute  is  assigned  a  "weight"  which  indicates  its  importance  relative  to 
other  attributes  of  the  same  factor.  The  most  important  attribute  is  assigned 
a  weight  of  10.  Other  attributes  are  assigned  weights  which  indicate  their 
importance  relative  to  the  "most  important"  attribute  and  to  each  other.  The 
relative  importances  must  be  established  by  the  person  performing  each  Material 
Trade-Off  Study;  they  will  be  different  for  different  studies  because  they 
must  be  adapted  to  each  owner’s  needs.  For  this  reason,  values  are  not  shown 
for  the  attribute  weights  in  Appendix  B.  Typical  values  are  used  in  the  Sample 
Calculation  of  Appendix  H. 

After  all  the  factors,  attributes  and  attribute  weights  have  been 
established  for  a  particular  Material  Trade-Off  Study,  a  "value"  can  be 
assigned  to  each  attribute.  Again,  this  assignment  is  subjective.  It  reflects 
the  evaluator's  opinion  as  to  the  significance  of  the  difference  imposed  on  that 
attribute  by  the  change  in  structural  material.  Attribute  values  are  assigned 
on  a  scale  of  0  to  +10  when  the  selected  material  is  superior  to  steel  and 
0  to  -10  when  it  is  inferior.  In  either  case,  a  value  of  0  indicates  that  the 
change  in  material  has  no  measurable  effect  on  that  attribute:  a  value  of  10 
indicates  that  the  effect  is  major.  Because  of  the  difficulty  in  establishing 


authoritative  numbers  for  these  "values",  three  numbers  are  assigned: 
"pessimistic",  "most  probable",  and  "optimistic".  This  produces  three  "factor 
ratings"  which  are  then  used  to  calculate  three  "total  worths"  of  the  material. 

After  all  the  attribute  values  for  a  particular  factor  have  been  assigned, 
the  values  can  be  multiplied  by  the  related  weights  and  the  "weighted  averages" 
calculated.  The  weighted  averages  are  divided  by  10  to  normalize  them  within 
the  range  -1  to  +1,  and  the  resulting  numbers  used  for  the  "factor  rating". 

The  normalized  ratings  for  different  factors  are  independent  of  each  other 
and  of  the  RFR  value,  so  they  must  all  be  combined  to  establish  the  total  worth 
of  the  material.  A  method  for  combining  them  is  described  in  the  section 
"COMBINED  EVALUATION". 

COMBINED  EVALUATION 

The  economic  evaluation  produces  a  Required  Freight  Rate  (RFR)  expressed 
in  dollars  per  ton.  The  non-economic  evaluation  produces  pure  numbers.  These 
two  evaluations  must  be  combined  to  develop  the  total  worth  of  the  proposed 
ship.  Figure  3  shows  how  this  is  done,  using  the  five  non-economic  factors 
described  in  Appendix  B  as  an  example. 

Profitability  is  the  most  important  consideration  in  assessing  the  worth  of 
a  merchant  ship.  Total  worth  is,  therefore,  expressed  in  economic  terms  -  dollars 
per  ton.  As  the  steel  ship  and  the  new  ship  RFR 1 s  are  already  in  those  units, 
worth  of  the  economic  factor  can  be  taken  as  the  difference  between  the  two 
RFR's.  However,  "factor  ratings"  of  non-economic  factors  must  be  converted  to 
those  units.  Each  non-economic  factor  rating  is,  therefore,  multiplied  by  a 
dollar/ton  value  to  obtain  its  "worth".  These  multipliers  must  be  established 
by  the  analyst,  based  on  the  importance  of  each  factor  to  his  operations  or  on 
his  evaluation  of  industry  experience.  He  should  consider  both  the  actual  cost 
("This  factor  is  worth  x  $/ton  to  me.")  and  its  relationship  to  the  base  ship 
RFR  ("This  factor  is  worth  Y%  of  the  base  ship  RFR  to  me."). 

The  sum  of  the  individual  worths  of  the  non-economic  factors,  plus  the 
worth  of  the  economic  factor,  gives  the  total  worth  of  the  new  ship.  These 
three  values  (pessimistic,  most  probable,  and  optimistic) ,  are  a  measure  of 
the  advantage  or  disadvantage  the  new  material  offers  when  compared  with  steel. 
Their  significance  depends  not  only  on  the  calculated  worth  of  the  new  material 
but  also  on  the  RFR  of  the  steel  ship  with  which  they  are  compared.  As  mentioned 
earlier,  a  "new  material  worth"  of  $0. 30/ton  is  much  more  valuable  when  the 
steel  ship  RFR  is  <  $1. 00/ton  than  it  is  when  the  RFR  is  $40. 00/ton. 

The  multiplying  ($/ton)  values  used  to  convert  factor  ratings  to  factor 
worths  are  not  shown  in  Figure  3.  They  must  be  established  during  each 
Material  Trade-Off  Study.  Partly,  this  is  so  that  the  relationship  between  the 
worths  of  the  various  factors  will  reflect  the  needs  of  the  specific  owner 
involved,  and  partly,  it  is  to  ensure  a  suitable  relationship  between  the  factor 
worths  and  the  steel  ship  RFR.  Typical  values  are  shown  in  the  sample  calculation 
of  Appendix  J.  Assignment  of  these  values  must  be  done  with  great  care,  because 
they  can  change  the  overall  assessment  from  "favorable"  to  "unfavorable"  or 
vice  versa  if  they  are  chosen  poorly. 
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Figure  3 


MATERIAL  DATA  BANK 


The  term  "Material  Data  Bank"  refers  to  the  collection  of  material  information 
needed  to  conduct  a  Material  Trade-Off  Study.  Three  types  of  information  are 
required. 

First  is  basic  data  on  the  proposed  alternate  material  and  on  the  steel 
which  it  replaces.  This  includes  not  only  numerical  values  for  things  such  as 
"Design  Properties",  but  also  descriptive  words  for  things  such  as  "Advantages" 
and  "Disadvantages". 

Second  is  a  compilation  of  the  methods  to  be  used  for  substituting  the 
proposed  new  material  in  place  of  steel  for  various  types  of  structure.  This  may 
consist  of  design  formulas,  or  of  conversion  tables  and  graphs. 

Third  is  supplementary  data  on  the  alternate  material  components.  This 
includes  such  things  as  cost,  weight,  and  space  comparisons  with  the  steel 
component  which  is  being  replaced. 

Basic  Data 


Figure  4  is  an  outline  of  the  basic  data  needed.  This  format  should  be  used 
for  all  basic  data  to  simplify  comparisons  between  materials.  Most  of  the 
information  needed  for  a  new  material  is  readily  available  but  some,  such  as 
installed  cost  data,  may  have  to  be  developed  as  part  of  the  Material  Trade-Off 
Study. 

Some  of  the  categories  shown  in  Figure  4  may  not  apply  to  every  material. 

In  this  case,  the  Data  Bank  entry  for  that  category  should  be  "not  applicable" 
to  establish  clearly  that  the  category  was  not  omitted  inadvertently.  Similarly, 
when  information  has  not  been  developed,  the  item  should  be  marked  "not  available". 
Some  materials  may  justify  additional  categories.  In  this  case,  the  new 
entries  should  be  added  in  a  logical  sequence  within  the  existing  outline. 

Substitution  Method 


When  sufficient  basic  data  have  been  collected,  a  method  can  be  developed 
for  substituting  "equivalent"  components  of  the  alternate  material  in  place  of 
the  steel  ship  components.  As  discussed  earlier  in  the  section  "STRUCTURAL 
DESIGN  DEVELOPMENT",  "equivalence"  may  be  different  for  each  combination  of 
loading  (shear,  tension,  etc.)  and  resistance  (equal  ultimate  load  carrying 
capacity,  equal  deflection,  etc.).  A  separate  substitution  formula  may, 
therefore,  be  required  for-  each  such  combination. 

In  many  cases,  the  configuration  of  a  new  component  will  be  different  from 
that  of  the  original  steel  ship.  Steel  structure  usually  consists  of  stiffened 
plating,  I-beams,  or  pipes.  New  structure  of  metal,  such  as  aluminum  or  high- 
strength  steel,  may  retain  that  same  general  configuration  with  different 
stiffener  spacing  or  stiffener  shapes,  but  structure  made  of  other  materials, 
such  as  reinforced  concrete,  will  be  completely  different.  It  is  important 
that  the  substitution  formulas  developed  in  the  Data  Bank  provide  for  efficient 
use  of  the  prepared  alternate  material. 


FIGURE  4  -  MATERIAL  DATA  BANK  FORMAT 
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FIGURE  4  -  MATERIAL  DATA  BANK  FORMAT  (CONT 


Mechanical  Properties 
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8.3  Elongation 

8.4  Toughness 

8.5  Hardness 

8.6  Fatigue  Strength 

8.7  Creep 

Miscellaneous 

9.1  Specifications 

9.2  Special  Properties 

9.3  Remarks 


Two  techniques  can  be  used  for  developing  the  new  material  components. 

In  the  first  of  these,  the  conversion  formulas  in  the  Data  Bank  are  used  directly 
to  calculate  new  component  scantlings.  With  the  second  approach.  Data  Bank 
formulas  are  used  to  construct  tables  or  graphs  showing  the  equivalency  of  a 
systematic  series  of  components  covering  the  range  to  be  investigated.  The 
actual  substitution  is  then  made  from  the  appropriate  table  or  curve. 

Direct  use  of  the  formulas  is  preferred  when  the  Material  Trade-Off  Study 
involves  only  a  single  material/ship  combination.  It  is  the  approach  used  in  the 
sample  calculations  of  this  report.  The  second  approach  is  preferred  when  many 
material/ship  combinations  are  being  studied,  because  it  is  faster  and  produces 
more  consistent  results. 

Supplementary  Data 

Equivalency  information  must  cover  more  than  scantlings.  Other  data  to  be 
included  are: 

Weights.  This  is  the  installed  weight  per  square  foot  or  per  segment.  It 
is  used  to  determine  the  effect  of  light  ship  weight,  deadweight  and  displacement. 

Cost.  This  is  the  installed  cost  per  square  foot,  or  per  pound  of  material, 
or  per  segment.  It  is  used  to  determine  the  effect  on  construction  cost  and 
hence  on  life -cycle  ship  cost. 

Space ,  This  is  the  amount  of  space  needed  by  the  structural  component. 
Usually  it  is  the  depth  of  the  stiffening  member  plus  the  plating  thickness, 
but  some  materials  may  utilize  an  unconventional  configuration.  Space  is 
normally  not  a  factor  but  may  affect  the  selection  in  cases  such  as  a  container 
ship  where  specific  clearances  must  be  maintained. 

Volume.  This  is  the  volume  of  the  structure  itself.  It  is  normally  not  a 
factor  but  may  affect  the  selection  in  cases  such  as  a  tanker  where  the  volume 
of  structure  affects  the  usable  volume  of  the  tank. 

SAMPLE  CALCULATION 


A  sample  calculation  is  included  in  this  report  to  illustrate  the  Material 
Trade-Off  Study  method.  Data  needed  for  the  sample  calculation  were  compiled 
from  various  published  sources  and  are  thought  to  be  reliable.  However,  the 
calculation  is  intended  for  illustrative  purposes  only,  so  no  attempt  was  made 
to  verify  the  accuracy  of  that  data.  In  addition,  the  "non-economic"  and 
"combined  evaluation"  weighting  factors  were  selected  only  for  illustrative 
purposes,  based  on  the  needs  of  a  hypothetical  shipowner,  and  are  not  intended 
as  a  recommended  set  of  values.  For  these  reasons,  the  results  of  the  sample 
calculation  should  not  be  construed  as  a  complete  evaluation  of  the  selected 
material. 

Aluminum  5456  was  used  as  the  proposed  new  material  for  this  sample 
calculation.  This  was  selected  because  much  data  about  it  w»re  readily  available 
and  because  it  had  been  used  in  a  previous  study  of  new  hull  structures; 

Reference  4. 
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Data  Bank  for  Sample  Calculation 


Appendix  C  contains  the  sample  Material  Data  Bank.  This  appendix  has  three 
parts : 

Part  I.  Material  properties  for  steel  and  aluminum. 

Part  II.  Conversion  formulas  for  converting  steel  structure  to  equivalent 
aluminum  structure. 

Part  III.  Supplementary  data  (weight,  cost,  space  and  volume). 

Appendix  D  contains  the  sample  Ship  Data  Bank.  All  the  available  information 
on  the  steel  ship  selected  as  a  base  for  the  Material  Trade-Off  Study  is 
tabulated  in  this  Data  Bank  for  ready  reference. 

Material  data  have  been  collected  for  ABS  mild  steel  and  for  5456  aluminum, 
using  the  format  shown  in  Figure  4.  The  ABS  mild  steel  data  are  included  to 
permit  side  by  side  comparison  of  individual  items.  In  addition,  where 
quantitative  data  are  available,  the  ratio  of  the  aluminum  value  to  the  mild 
steel  value  is  given. 

The  question  of  appropriate  environmental  conditions  deserves  particular 
attention  in  the  Material  Data  Bank.  At  least  four  significantly  different 
areas  can  be  identified  for  a  typical  ship:  the  bottom  shell  which  is  normally 
fully  immersed  in  water;  the  side  shell  which  is  alternately  immersed  depending 
on  the  ship  loading  condition,  wave  action,  and  water  spray;  the  deck  which  is 
occasionally  wetted  by  waves  and  water  spray;  and  the  internal  surfaces  which 
may  be  subject  to  corrosion  and/or  abrasion  from  various  cargoes.  In  addition, 
the  effects  of  coatings  need  to  be  considered,  since  a  mild-steel  ship  is  usually 
coated  throughout  whereas  an  aluminum  ship  may  not  be  coated  above  the  waterline 
or  internally. 

One  area  which  needs  further  work,  particularly  for  a  bulk  carrier,  is  the 
abrasion  resistance  of  aluminum.  The  limited  available  data  indicates  that  the 
5000  series  alloys  will  abrade  at  approximately  four  to  five  times  the  rate  of 
mild  steel.  Of  course,  the  required  abrasion  allowance  for  various  structures 
will  depend  on  the  cargoes  to  be  carried.  For  highly  abrasive  bulk  cargoes,  an 
analysis  may  be  used  to  trade  off  the  cost  of  providing  additional  abrasion 
allowance  initially  against  the  cost  of  renewing  affected  plating  periodically. 

Another  area  which  needs  further  development  is  construction  costs.  The 
values  given  are  estimates  for  typical  merchant  ship  structures.  These  values 
can  be  extended  to  permit  trade-off  analyses  between  different  structural  systems. 

Fatigue  is  also  an  area  which  needs  further  investigation.  The  problem 
here  is  not  a  lack  of  data  but  rather  a  lack  of  guidelines  as  to  what  to  use, 
because  the  variables  are  so  numerous.  For  example,  in  the  computerized 
data  bank  covering  fatigue  of  aluminum  alloy  weldments  at  Iowa  State  University, 
there  are  currently  sixteen  possible  specimen  types,  thirty-two  possible  joint 
types,  fifty-seven  possible  special  treatments/  thirty-three  possible  welding 
procedures,  and  three  possible  stress  ranges  for  each  aluminum  alldy  and  temper. 
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The  fatigue  curves  used  in  this  study  are  for  butt-welded  plates  with 
reinforcement  left  on,  tested  in  air.  For  more  detailed  study  of  aluminum 
fatigue  problems,  the  Iowa  State  University  data  bank  can  provide  much  additional 
data. 

Stee 1  Ship  Selection  for  Sample  Calculation 

A  ship  type,  cargo  and  trade  route  were  chosen  arbitrarely  for  the  sample 
calculation : 

Ship  type  *  bulk  carrier 
Cargo  *  ore 

Trade  route  =  Seattle  to  Yokohama  with  cargo,  and  return  in  ballast. 

Based  on  these  requirements,  the  M.  V.  CHALLENGER  was  selected  as  the  steel 
ship.  This  vessel  had  been  used  in  the  previous  study,  Reference  4. 

Structural  Design  Development  for  Sample  Calculation 

Appendix  E  contains  the  sample  calculations  needed  to  synthesize  an  aluminum 
ship  design  based  on  the  steel  ship  of  Appendix  D. 

The  structure  of  the  steel  ship  was  subdivided  into  major  components.  The 
type  of  loading  was  determined  for  each  component,  and  the  appropriate  conversion 
formulas  selected  from  Part  II  of  the  Material  Data  Bank.  These  formulas  were 
used  to  develop  equivalent  aluminum  components. 

All  interfaces  between  the  aluminum  components  were  reviewed  to  ensure 
compatibility  of  the  new  structure.  Because  both  the  aluminum  and  the  steel 
components  are  basically  stiffened  plates,  and  because  the  stiffener  spacing  was 
made  the  same  for  both  materials,  no  incompatibilities  were  found  in  this  sample 
calculation. 

Longitudinal  strength  was  checked  to  ensure  that  the  strength  of  the  new 
hull  girder  was  equivalent  to  that  of  the  steel  ship.  Hull  stiffness  was  also 

checked. 

Supplementary  information  on  the  synthesized  ship  was  developed  using  the 
equivalency  relationships  of  Part  III  of  the  Material  Data  Bank.  Structural 
weights  were  calculated  in  Appendix  E;  costs  were  calculated  in  Appendix  G. 

Space  and  volume  requirements  are  not  significant  for  the  ship  used  in  the  sample 
calculation,  and  were  not  calculated. 

Design  Optimization  for  Sample  Calculation 

Appendix  F  contains  the  design  optimization  calculations  for  the  sample 
ship.  A  simple  computer  program  based  on  the  method  described  earlier  in  the 
section  "DESIGN  OPTIMISATION"  was  used.  Each  of  the  three  options  discussed  in 
that  section  was  investigated.  These  are: 


1.  Keep  the  hull  and  machinery  characteristics  identical  and  accept  the 
greater  cargo  capacity; 


2.  Reduce  the  size  of  the  ship  and  its  machinery  to  make  the  cargo  capacity 
the  same  as  that  of  the  steel  ship; 

3.  Increase  the  size  of  the  ship  and  its  machinery  to  minimize  RFR. 

(This  third  option  was  not.  followed  exactly.  The  cargo  capacity  was  increased 

5%  to  illustrate  the  effect  of  such  an  increase.  No  attempt  was  made  to  increase 
the  capacity  enough  to  minimize  RFR.) 

For  the  first  option,  the  aluminum  ship  characteristics  synthesized  in 
Appendix  E  were  used.  For  the  second  and  third  options,  a  changed  cargo  capacity 
was  input,  and  the  computer  modified  the  remaining  characteristics  accordingly. 

Each  of  the  three  designs  resulting  from  this  optimization  process  was  subsequently 
evaluated,  both  economically  and  non-economically,  and  compared  with  the  basic 
steel  ship. 

Economic  Evaluation  for  Sample  Calculation 

Appendix  G  contains  an  economic  evaluation  of  the  basic  steel  ship  and  of 
each  of  the  three  aluminum  ships  developed  in  Appendix  F.  These  evaluations 
used  computer  program  GENEC,  described  in  Appendix  A,  to  calculate  the  Required 
Freight  Rate  (RFR)  for  each  ship.  These  RFR's  are; 


SHIP 

Steel  ship 

"Same  geometry"  aluminum  ship 
"Same  capacity"  aluminum  ship 
"Increased  capacity"  aluminum  ship 


RFR  ($/TON) 
9.44 
9.67 
9.95 
9.46 


Costs  for  the  steel  ship  are  tabulated  in  Appendix  D.  Costs  for  the 
aluminum  ships  are  calculated  in  Appendix  G.  Appendix  G  also  lists  the  economic 
assumptions  and  voyage  data  needed  for  the  RFR  analysis. 


Costs  are  divided  into  four  major  categories 


Acquisition 


Scrap  Value  (credit) 


Fuel  costs  are  calculated  by  the  computer,  based  on  the  fuel  consumption  for  each 
leg  of  the  voyage  and  for  the  time  in  port.  These  values  are  not  affected  by 
the  hull  structural  material.  Fuel  cost  is  given  in  Part  III  of  the  Data  Bank. 


Acquisition  costs  are  broken  down  into  seven  sub-categories: 

Structure 

Construction  Waste  Credit 

Machinery 

Outfit 

Design 

Overhead 

Profit 

Information  on  these  costs  is  given  in  Part  III  of  the  Data  Bank. 

Operating  costs  are  broken  down  into  five  sub-categories: 

Manning  and  Subsistence 
Shore  Staff 
H  and  M  Insurance 
P  and  I  Insurance 
Maintenance  and  Repair 

Information  on  these  costs  is  given  in  Part  III  of  the  Data  Bank. 

Scrap  value  for  aluminum  is  much  greater  than  it  is  for  steel.  It  is  based  on 
structural  weight  only,  on  the  assumption  that  the  residual  value  of  machinery 
and  outfit  at  the  end  of  the  ship's  life  will  cover  the  cost  of  dismantling  the 
vessel.  Cost  factors  for  scrap  are  given  in  Part  I  of  the  Data  Bank. 

Non-Economic  Evaluation  for  Sample  Calculation 

Appendix  H  contains  the  non-economic  evaluation  of  aluminum  versus  steel, 
using  the  five  evaluation  factors  described  in  Appendix  B.  These  evaluations 
apply  equally  to  all  three  aluminum  ships  developed  in  this  sample  study.  The 
factor  ratings  are: 


Factor 

Suitability  for  Intended  Use 

Environmental  Impact 

Use  of  National  Resources 


Pessimistic 
-  0.111 
0 

-  0.137 


Rating 

Probable 

-  0.077 
+  0.033 

-  0.066 


Optimistic 

-  0.038 
+  0.058 

-  0.009 
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Factor 

Pessimistic 

Rating 

Probable 

Optimistic 

Government 

Involvement 

-  0.014 

♦  0.036 

+  0.133 

Risk 

-  0.147 

-  0.096 

-  0.081 

This  evaluation  was  performed  from  the  point  of  view  of  a  hypothetical 
shipowner.  Plus  values  mean  that  aluminum  is  advantageous  to  him;  minus  values 
mean  that  it  is  not.  If  a  different  point  of  view  had  been  assumed  (perhaps  that 
of  the  U.S .  Maritime  Administration),  the  various  attributes  might  have  had 
different  "weights"  and  would  certainly  have  had  different  "values”,  so  that  the 
final  ratings  would  have  been  different. 

Combined  Evaluation  for  Sample  Calculation 

Appendix  J  contains  the  combined  evaluation  of  aluminum  for  the  three  ship 
designs  developed  in  the  sample  study.  These  final  "worths"  are  expressed  in 
the  same  terms  as  RFR  (S/ton) .  Their  importance  can  be  assessed  by  comparing 
them  with  the  RFR  of  the  basic  steel  ship  (9.44  $/ton) .  This  comparison  is: 


SHIP  TYPE 

EVALUATION 

WORTH  OF  ALUM 

%  OF 

BASE  RFR 

same  geometry 

pessimistic 

-  0.41  $/ton 

n 

4.3 

most  probable 

-  0.32 

- 

3.3 

optimistic 

-  0.22 

- 

2.4 

same  cargo 

pessimistic 

-  0.69 

- 

7.3 

capacity 

most  probable 

-  0.60 

- 

6.4 

optimistic 

-  0.51 

5.4 

increased 

pessimistic 

-  0.21 

- 

2.2 

cargo  capacity 

most  probad)  le 

-  0.11 

- 

1.2 

optimistic 

-  0.02 

- 

0.2 

These  data  show  that  aluminum  is  not  suited  to  the  needs  of  the  hypothetical 
owner  described  in  the  sample  calculation,  unless  he  is  willing  to  use  a  larger 
(increased  cargo  capacity)  ship.  Figure  G5  shows  that  a  larger  aluminum  ship 
would  be  advantageous,  but  the  improvement  in  RFR  (and  worth)  is  attributable 
to  size,  not  material.  However,  it  is  probable  that  a  larger  ship  of  steel 
would  be  better  them  the  larger  ship  of  aluminum. 

RECOMMENDATIONS 


Four  areas  are  recommended  for  further  study. 

First:  The  method  should  be  extended  to  include  non-merchant  ships.  In 
this  extension,  the  mission  of  the  ship  would  be  defined  in  non-economic 
terms,  so  that  the  measure  of  worth  of  the  new  material  could  be  expressed 
without  an  economic  study.  Simultaneously  an  economic  study  would  develop  the 
life-cycle  costs  of  the  steel  ship  and  the  new  ship.  The  advantage  or  disadvantage 
of  the  new  material  would  then  be  measured  by  the  ratio  of  the  change  in  cost 
to  the  change  in  mission  effectiveness. 


Second :  The  computer  program  described  in  the  section  "DESIGN  OPTIMIZATION" 
should  be  developed.  This  program  would  permit  rational  and  consistent  ship 
design  modifications  to  meet  any  specified  "optimization"  criterion.  Such  a 
program  would  have  value  for  other  ship  design  work  in  addition  to  the  Material 
Trade-Off  Studies. 

Third:  The  computer  program  described  in  the  section  "EVALUATION  OF  ECONOMIC 
FACTORS"  should  be  developed.  This  program  would  permit  consistent  cost 
estimates  to  be  prepared  quickly  for  use  in  these  and  other  ship  design  studies. 

Fourth:  A  complete  Material  Data  Bank  should  be  established  for  all 
materials  of  potential  interest  in  hull  structural  applications.  Information  in 
the  sample  Material  Data  Bank  of  this  report  would  be  extended  in  areas  such 
as  abrasion  resistance  of  aluminum,  creep,  etc. 
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INTRODUCTION 


Computer  program  "GENEC"  is  a  generalized  mathematical  model  for  evaluating 
the  economic  viability  of  a  cargo  ship  or  tanker.  It  is  written  in  timesharing 
BASIC  for  the  NNS  Honeywell  6080  computer.  Figure  A1  is  a  listing  of  the 
program,  and  Figure  A2  is  an  index  of  the  symbols  used. 

The  measure  of  Merit  (MM)  developed  by  this  math  model  can  be  either 
Required  Freight  Rate  (RFR)  or  Net  Present  Value  (NPV) .  RFR  is  used  for  Material 
Trade-Off  Studies.  In  either  case  the  resulting  MM  should  be  compared  only 
with  competing  Measures  of  Merit  calculated  by  this  or  a  sinilar  program  because 
the  absolute  value  of  any  MM  is  highly  dependent  on  various  economic  assumptions 
implicit  in  the  math  model  used.  The  relative  position  of  competing  systems 
will  remain  the  same  when  they  are  analyzed  by  any  math  model  using  consistent 
economic  assumptions,  but  comparisons  between  competing  systems  which  have 
been  analyzed  by  different  models  may  cause  an  apparent  change  in  this  ranking. 
RFR  can  vary  as  much  as  40  or  50%  if  different  (but  equally  reasonable  and  valid) 
assumptions  are  used  for  such  things  as  frequency  and  timing  of  cost  payments 
or  income  receipts,  escalation,  taxes,  etc. 

PROGRAM  THEORY 


This  math  model  is  based  on  a  Discounted  Cash  Flow  (DCF)  analysis  of  all 
the  costs  and  income  involved  in  acquiring,  owning  and  operating  a  ship  over 
its  total  life  or  over  any  selected  portion  of  its  life.  Income  and  costs 
are  collected  by  months,  with  all  transactions  in  a  given  month  assumed  to 
occur  at  the  end  of  that  month.  Transactions  which  occur  on  known  dates  (such 
as  construction  payments  or  insurance  premiums)  are  included  with  other  costs 
for  the  month  in  which  they  occur;  transactions  which  occur  at  unpredictable 
times  (such  as  fuel  costs,  port  charges,  income,  repair  costs,  etc.)  are 
distributed  uniformly  over  the  months  of  the  year  in  which  they  occur. 

Costs  are  identified  as  "capitalized"  or  "operating".  This  distinction 
has  no  effect  when  the  economic  study  covers  the  entire  life  of  the  ship;  it  is 
needed  only  when  the  study  is  limited  to  a  part  of  that  life.  Operating  costs 
which  occur  during  the  period  being  studied  are  included  in  the  analysis; 
operating  costs  which  do  not  occur  during  that  period  are  ignored.  Capitalized 
expenditures,  regardless  of  when  they  occur,  are  amortized  over  the  full  life 
of  the  ship,  producing  a  uniform  monthly  cost.  When  this  uniform  cost  is 
applied  to  periods  shorter  than  the  ship  life,  it  will  not  completely  amortize 
the  capital  expenditures.  The  assumption  is  that  the  remaining  amortization 
is  accomplished  during  the  remaining  months  of  useful  ship  life. 

No  provision  is  made  for  the  effects  of  taxes,  or  of  such  tax-related 
stratagems  as  leveraged  leasing,  because  these  effects  depend  on  owner-related 
circumstances  which  are  not  governed  by  ship  design.  Each  prospective  owner 
must,  therefore,  evaluate  his  own  tax  situation. 

Every  dollar  value  used  in  this  math  model  can  be  escalated,  with  a  different 
annual  rate  for  each.  These  rates  remain  constant  for  the  life  of  the  ship. 

Date  of  contract  is  the  base  date  for  calculating  escalation,  using  the  formula: 
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bate  of  program  execution 
Name  of  data  ftla 
Identification  of  data  file 
Name  of  account  (J) 

Name  of  ship 

Time  of  program  execution 

Average  annual  cost  coefficient  (capitalised  coata) 
Average  annual  coat  coefficient  (operating  coata) 
Eacalated  Coat 

Coat  of  fuel  per  voyage,  not  eacalated,  port  (J) 
Eacalated  value  of  tone  of  cargo  off-loaded 
Basic  monthly  cost  account  (J) 

Monthly  coat  output  column  (X) 

Dlacounted  value  of  cost  account  (J) 

Total  dlacounted  value  of  all  operating  coat  accounts 
Days  in  port  (J) 

Days  at  sea  after  port  (J) 

Days  per  round  trip 

Total  discounted  value  of  all  capitalised  cost  accounts 
Discounted  value  of  tons  of  cargo  off-loaded  at  port  (J) 

Total  discounted  dollar  value  of  cargo  off-loaded  at 
porta  with  specified  freight  rates 

Total  discounted  value  of  tons  of  cargo  off-loaded 
at  ports  with  unspecified  freight  rate 

Total  tons  of  fuel  used  for  round  trip 
Tons  of  fuel  on  board,  arriving  port  (J) 

Tons  of  fuel  burned,  in  port  (J) 

Tons  of  fuel  loaded,  port  (J) 

Tons  of  fuel  on  board,  leaving  port  (J) 

Tons  of  fuel  burned,  at  sea  after  port  (J) 

Index 

Account 

Month  (date  of  contract  -  1) 

First  month  for  coat  calculation 

Last  month  for  coat  calculation 

Index  for  monthly  cost  subroutine  column  (I) 

Index  for  monthly  cost  subroutine  column  (I) 

Month  cost  ia  incurred,  account  (J),  Table  "A" 
line  (I) 


Ml  Index  for  modi fleet ions  to  data  file 

P(J#X)  Percentage  of  total  coat,  account  (J),  Table  "A* 

line  (X) 

P1(J)  Xndex  for  Irregular  payment  schedule  account  (J) 

R(J)  Freight  rate  (not  eacalatod) ,  port  (J) 

Rl  Required  Freight  Rate  (RFR) ,  not  escalated 

Tl/T?  Temporary  variables 

VI  Round  trips  per  year 

If  Height  of  fuel  ♦  cargo  ♦  ballast 

HI (J)  Tons  of  cargo  loaded,  port  (J) 

H2 (J)  Tons  of  cargo  off-loaded,  port  (J) 

H3(J)  Tons  of  cargo  on  board,  leaving  port  (J) 

H4(J)  Tons  of  ballast  on  board,  leaving  port  (J) 

*(J,I)  Input  data,  account  (J) ,  input  data  sheet  line  (X) 

FIGURE  A-2  -  COMPUTER  PROGRAM  "GENEC" 

LIST  OF  SYMBOLS 


A-7 


E  ■  B  (l  *  m  )  “ 

where ; 

E  ■  Escalated  value 
B  =  Base  value 
i  -  Annual  rate  (%) 
m  ■  Months  from  date  of  contract 

Required  Freight  Rate  (RFR)  is  defined  as  "that  freight  rate  which  will 
make  the  present  value  of  all  income  equal  to  the  present  value  of  all  expenses." 

It  can  be  calculated  for  all  the  cargo  delivered  in  a  round  voyage,  or  it  will 
be  calculated  for  some  of  that  cargo  (delivered  at  one  or  more  ports  of  a  multi-leg 
voyage)  when  freight  rates  are  specified  for  the  remaining  cargo,  using  the 
formula: 


where ; 


RFR 


P 


i 


RFR 

P 

c 


Required  Freight  Rate  ($/ton) 

Present  value  of  costs  ($) 

Present  value  of  specified  income  ($) 
Present  value  of  cargo  delivered  (tons) 


Net  Present  Value  (NPV)  is  defined  as  "the  difference  between  the  present 
value  of  all  income  and  the  present  value  of  all  expenses."  It  is  calculated 
when  freight  rates  are  specified  for  all  the  cargo  delivered  in  a  round  voyage. 

Date  of  contract  is  the  base  date  for  calculating  present  value,  using  the 
formula: 


A- 8 


where; 


P  ■  Present  value 


F  *  Future  value 
i  •  Annual  discount  rate  (%) 
m  -  Months  from  date  of  contract 

Both  "escalation"  and  "present  value"  normally  refer  to  the  dollar  value  of 
a  transaction.  When  the  RFR  is  to  be  calculated,  however,  it  is  convenient  to 
apply  these  formulas  to  the  tons  of  cargo  off-loaded.  The  resulting  numbers 
can  then  be  multiplied  by  RFR  (when  it  has  been  determined)  to  get  the 
corresponding  values  for  income. 


Average  annual  cost  for  a  capitalized  expense  is  defined  as  "the  uniform 
annual  cost,  payable  in  equal  monthly  installments  over  the  operating  life  of 
the  ship,  which  would  have  the  same  present  value  as  all  expenses  of  the 
capitalized  cost  account."  It  is  calculated  by  the  formula: 


A 


P 


+ 


V* 


100  ) 


(nr^) 


(‘  *T5o) 


where; 

A  »  Average  annual  costs  ($) 

P  ■  Present  value  of  account  ($) 
i  »  Discount  rate  (%) 
m  -  Months  from  contract  to  delivery 
Y  -  Years  of  ship  life 

Average  annual  cost  for  an  operating  expense  is  defined  as  "the  uniform 
annual  cost,  payable  in  equal  monthly  installments  over  a  specified  period 
of  the  life  of  the  ship,  which  would  have  the  same  present  value  as  all 
expenses  incurred  during  that  period  by  the  operating  cost  account."  It  is 
calculated  by  the  formula: 

m 


{l- 


where; 

A  «  Average  amnual  cost  ($) 

P  =  Present  value  of  account  ($) 

1  *  Discount  rate  (%) 

m  =  Months  from  contract  to  delivery 

Y1  =  First  year  (after  delivery)  of  period 

•  being  studied 

Y2  =  Last  year  (after  delivery)  of  period  being 
studied 

PROGRAM  DESCRIPTION 

The  math  model  used  for  program  "GENEC"  is  very  flexible.  It  will  accept 
a  round  voyage  touching  at  any  number  of  ports,  with  fueling  and  cargo  loading 
or  off-loading  at  any  of  them.  The  amount  of  fuel  to  be  loaded  cam  be  specified, 
or  the  program  will  calculate  the  amount  needed  for  the  total  voyage  or  for 
the  trip  to  the  next  port  (plus  the  fuel  needed  in  that  port) .  The  amount  of 
cargo  to  be  handled  can  be  specified,  or  the  program  will  calculate  the  maximum 
that  can  be  loaded  or  off-loaded.  The  freight  rate  for  cargo  off-loaded  at 
each  port  cam  be  specified,  or  the  program  will  calculate  RFR. 

The  prograun  will  accept  any  number  of  cost  accounts.  Currently,  the  sum 
of  the  number  of  ports  and  the  number  of  cost  accounts  is  limited  to  49  by 
the  dimension  statements  of  the  program.  Each  cost  account  can  be  "tailored" 
to  any  desired  conditions  by  appropriate  choices  of  input  data.  The  amount  of 
the  cost  is  the  product  of  four  factors  which  may  be  individually  specified  or 
may  be  referenced  to  other  accounts  and  line  numbers.  The  date  of  payment  may 
be  specified  as  "per  voyage,"  or  "regularly"  at  the  start  (or  end)  of  specified 
periods  before  or  after  dlivery,  or  "irregularly"  at  amy  number  of  specified 
dates.  Currently,  the  number  of  irregular  payment  schedules  is  limited  to 
five,  and  the  number  of  dates  per  schedule  is  limited  to  100  by  the  dimension 
statements  of  the  program. 

The  number  of  round  trips  per  year  is  determined  by  adding  the  number  of 
days  in  port  and  the  number  of  days  at  sea  for  each  leg  of  the  voyage  to  get 
the  total  days  per  trip.  This  number  divided  into  the  average  number  of 
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operating  days  per  year  gives  the  average  number  of  trips  per  year.  These 
trips,  together  with  the  associated  income  and  costs,  are  assumed  to  be 
distributed  uniformly  among  the  twelve  months  of  the  year. 

Fuel  consumed  per  trip  is  determined  by  adding  the  fuel  used  in  port  and 
the  fuel  used  at  sea  for  each  leg  of  the  voyage.  The  program  checks  to  be  sure 
that  there  always  is  enough  service  fuel  on  board  to  reach  the  next  port,  and 
that  the  amount  of  fuel  on  board  (including  Reserve  F.O.)  never  exceeds  the 
capacity  of  the  F.O.  tanks. 

The  maximum  amount  of  cargo  that  can  be  transported  on  any  leg  of  the 
voyage  is  equal  to  the  total  deadweight  minus  the  weight  of  crew  and  stores, 
fresh  water,  service  fuel  oil  when  leaving  port,  and  reserve  fuel  oil.  The 
program  checks  to  be  sure  that  this  amount  is  not  exceeded.  It  will  add 
ballast  as  necessary  to  permit  safe  operation  in  light  condition. 

INPUT 


Program  "GENEC"  requires  a  separate  data  file.  Figure  A3  shows  the  four 
input  data  sheets  used  for  this  file,  and  Figure  A4  is  a  listing  of  a  sample 
file.  Any  number  of  such  data  files  may  be  prepared  and  saved.  They  are  used 
one  at  a  time  and  are  identified  as  needed  during  program  execution  (see  the 
section  on  OPERATION,  below). 

Each  data  file  has  line  numbers  separated  by  one  blank  space  from  the 
succeeding  data  items  (these  line  numbers  are  not  used  by  the  program) .  Data 
items  are  separated  by  commas,  with  a  comma  at  the  end  of  each  line.  Alphanumeric 
data  (items  numbered  with  Roman  numerals  on  the  input  data  sheets)  are  enclosed 
in  quotation  marks.  Item  numbers  on  the  input  data  sheets  are  not  used  in  the 
data  file,  but  are  used  when  modifying  data  during  program  execution  (see  the 
section  on  OPERATION,  below) . 

OUTPUT 


Program  "GENEC"  can  produce  any  or  all  of  the  four  sets  of  output  shown 
in  Figures  A5,  A6,  A7,  and  A8  (identified  as  Type  3,  Type  4,  Type  5  and  Type  6) , 
as  selected  during  program  execution  (see  the  section  on  OPERATION,  below) . 

Figure  A5  shows  the  output  identified  as  Type  3.  It  contains  four  blocks 
of  data.  The  first  block  identifies  the  data  file  used.  The  next  two  blocks 
give  information  on  each  port  visited  and  on  the  sea  trip  to  the  next  port. 

(If  the  data  file  had  held  information  on  more  than  two  ports  then  there  would 
have  been  more  them  two  such  blocks  of  output.  There  must  be  at  least  two 
ports.)  The  final  block  gives  the  total  time  per  round  trip  and  the  number  of 
trips  per  year. 

Figures  A6  and  A7  show  the  output  identified  as  Type  4.  This  output  also 
contains  four  blocks  of  data.  The  first  block  identifies  the  data  file  used. 

The  second  block,  "INCOME,"  shows  the  amount  of  cargo  off-loaded  at  each  port, 
its  freight  rate,  escalation,  and  present  value.  It  also  gives  the  total  present 
value  of  all  income.  The  third  block,  "EXPENSES,"  gives  the  average  annual 
cost,  escalation,  and  present  value  of  each  expense  account.  It  also  gives 
the  total  present  value  of  all  expenses,  the  percentage  share  of  that  total 
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ITEM 

DESCRIPTION 

UNITS 

QUANTITY 

I 

FILE  IDENT 

F 

1 

L 

E 

S 

A 

V 

E 

D 

A 

T 

0 

N 

0 

L 

I 

SHIP  IDENT. 

1 

NUMBER  OF  "PORT"  ACCOUNTS 

INTEGER 

2 

NUMBER  OF  CAPITALIZED  "COST"  ACCOUNTS 

INTEGER 

3 

NUMBER  OF  OPERATING  "COST"  ACCOUNTS 

INTEGER 

4 

DISCOUNT  RATE 

%/YEAR 

5 

MONTHS  FROM  CONTRACT  TO  DELIVERY 

MONTHS 

6 

SHIP  LIFE 

YEARS 

7 

NUMBER  OF  MEN  IN  CREW 

INTEGER 

8 

OPERATING  DAYS  PER  YEAR 

DAYS 

9 

MAXIMUM  DEADWEIGHT  (FULLY  LOADED) 

TONS 

10 

MINIMUM  DEADWEIGHT  (BALLASTED) 

TONS 

11 

WEIGHT-CREW  &  STORES 

TONS 

12 

-FRESHWATER 

TONS 

13 

•RESERVE  FUELOIL 

TONS 

14 

MAXIMUM  CAPACITY  OF  FUEL  OIL  TANKS 

TONS 

16 

FIRST  YEAR  (AFTER  DELIVERY)  OF  PERIOD  TO  BE  ANALYZED 

INTEGER 

16 

LAST  YEAR  (AFTER  DELIVERY)  OF  PERIOD  TO  BE  ANALYZED 

INTEGER 

FIGURE  A-3  -  PROGRAM  "GENEC"  INPUT  DATA  FORMS 


ITEM 


DESCRIPTION 


UNITS 


I 

NAME  OF  PORT 

■mill 

1 

OAYS  IN  PORT 

OAYS 

2 

OISTANCE  TO  NEXT  PORT 

N.  MILES 

3 

SPEED  TO  NEXT  PORT 

KNOTS 

4 

FUEL  CONSUMPTION  -  IN  PORT 

TONS/OAY 

5 

-AT  SEA 

TONS/DAY 

6 

FUEL  -  LOADED  AT  THIS  PORT 

(NOTE  1) 

7 

-COST 

S/TON 

8 

-  ESCALATION 

VYEAR 

9 

CARGO  -  LOAOEO  AT  THIS  PORT 

(NOTE  2) 

10 

-  OFFLOAOEO  AT  THIS  PORT 

(NOTE  2) 

11 

-  FREIGHT  RATE 

(NOTE  3) 

12 

-  ESCALATION 

VYEAR 

NOTES 


1.  VALUES  GIVEN  FOR  ITEM  6  MEAN: 

(0)  >  NO  FUEL  L0A0E0. 

(-1)  •  ALL  REQUIRED  FUEL  LOADED. 

2.  VALUES  GIVEN  FOR  ITEMS  9  A  10  MEAN: 

<W)  •  AMOUNT  OF  CARGO  TO  BE  LOAOEO/  OFFLOADEO  (TONS). 

(-1)  •  MAXIMUM  AMOUNT  OF  CARGO  WHICH  CAN  BE  LOADED/  OFFLOADED 
IS  TO  BE  CALCULATED  BY  THE  PROGRAM. 

3.  VALUES  GIVEN  FOR  ITEM  11  MEAN: 

(F)  •  FREIGHT  RATE  FOR  CARGO  OFFLOADED  (S/TON). 

(-1)  •  RFR  IS  TO  BE  CALCULATED  BY  THE  PROGRAM. 
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ITEM 


DESCRIPTION 


UNITS 


QUANTITY 


NAME  OF  COST 


AMOUNT 


ESCALATION 


* 


MULTIPLYING  FACTOR 


MULTIPLYING  FACTOR 


MULTIPLYING  FACTOR 


1  TIME  OF  PAYMENT 


(NOTE  II 
VYEAR 
(NOTES  2  &  4) 


(NOTES  3  A  4) 


(NOTES  3  &  4) 


(NOTE  5) 


NOTES 


1.  ITEM  I  MAY  BE  GIVEN  IN  "OOLLARS"  OR  IN  ANY  OTHER  UNITS.  DEPENDING  ON 
THE  MULTIPLYING  FACTORS  GIVEN  IN  ITEMS  3/4.  S/6,  a  7/8. 

2.  VALUES  GIVEN  FOR  ITEMS  3/4  MEAN: 

(-1.0)  •  DISTRIBUTE  ITEM  1  UNIFORMLY  OVER  THE  ENTIRE  VOYAGE. 

(O.F)  -  MULTIPLY  ITEM  1  BY  (F). 

(J,  I)  *  MULTIPLY  ITEM  1  BY  THE  VALUE  OF  ACCOUNT  (J)  ITEM  (I). 

3.  VALUES  GIVEN  FOR  ITEMS  5/6  a  7/8  MEAN: 

(-1.F)  -  DIVIDE  ITEM  1  BY  (F). 

(O.FI- MULTIPLY  ITEM  1  BY  (F>. 

(J.U  •  MULTIPLY  ITEM  1  BY  THE  VALUE  OF  ACCOUNT  (J  ITEM  (I). 

4.  FACTORS  3/4, 5/6  a  7/8  ARE  APPLIEO  SEQUENTIALLY  -  THAT  IS. 

BASIC  COST  -  (ITEM  II  •  ((3/4)  •  1(5/6)  •  f(7/8>. 

5.  VALUES  GIVEN  FOR  ITEMS 9/10  MEAN: 

(1.  M)  >  A  SINGLE  PAYMENT  AT  THE  END  OF  IM)  MONTHS  AFTER  CONTRACT. 

(2.  M)  >  MULTIPLE  PAYMENTS  AT  THE  BEGINNING  OF  EACH  IM)  MONTH  PERIOD 

FROM  CONTRACT  TO  OELIVERY  (FOR  CAPITALIZED  COSTS)  OR  FROM  DELIVERY 
TO  END  -  OF  -  LIFE  (FOR  OPERATING  COSTS). 

I3.M)  *  MULTIPLE  PAYMENTS  AT  THE  ENO  OF  EACH  (Ml  MONTH  PERIOD  FROM 

CONTRACT  TO  OELIVERY  (FOR  CAPITALIZED  COSTS)  OR  FROM  DELIVERY 
TO  ENO  -  OF  -  LIFE  (FOR  OPERATING  COSTS). 

(4.  N)  •  (N)  PAYMENTS  MADE  IN  ACCORDANCE  WITH  TABLE  A. 
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FIGURE  A-4  -  SAMPLE  DATA  FILE  LISTING  FIGURE  A-5  -  PROGPAM  “GENEC"  OUTPUT  -  TYPE 


FIGURE  A-6  -  PROGRAM  "GENEC”  OUTPUT  -  TYPE  4  FIGURE  A-7  -  PROGRAM  "GENEC“  OUTPUT  -  TYPE  4 
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which  is  attributable  to  each  account  and  the  amount  of  RFR  which  is  attributable 
to  each  account.  If  RFR  was  calculated,  it  was  established  at  a  value  which 
would  make  the  present  value  of  income  equal  to  the  present  value  of  expenses. 

In  this  case,  the  fourth  block  gives  RFR,  as  shown  in  Figure  A6.  If  a  freight 
rate  was  specified  at  every  port  where  cargo  was  off-loaded,  however,  the  present 
value  of  income  will  not  necessarily  equal  the  present  value  of  expenses.  The 
difference  is  Net  Present  Value.  In  this  case,  the  fourth  block  gives  NPV  and  RFR 
is  set  equal  to  zero,  as  shown  in  Figure  A7. 

Figure  A8  shows  the  output  identified  as  Type  5  and  Type  6.  Type  5  output 
is  a  single  line  which  gives  the  calculated  RFR  at  date  of  contract.  Type  6 
output  contains  three  blocks  of  data.  The  first  block  identifies  the  account 
numbers  and  months  for  which  output  is  desired.  The  second  block  identifies 
the  data  file  used.  The  third  block  gives  the  actual  cost  for  each  specified 
account  for  each  specified  month.  These  costs  include  escalation  but  have  not 
been  "present  valued."  (In  Figure  A8  the  account  labeled  "RAS  TANURA"  refers 
to  fuel  purchased  at  that  port.) 

There  also  are  a  number  of  program-generated  messages  which  may  appear 
with  any  of  this  output.  These  messages  are  described  in  the  section  on 
OPERATION,  below. 

OPERATION 


Figures  A5  through  A9  illustrate  the  operation  of  this  program.  When  the 
comand  "RUN”  is  given,  the  computer  will  ask  "DATA  FILE?".  The  response  is  the 
name  of  a  previously  saved  data  file.  The  computer  then  prints  a  line  of  file 
identification  (input  data  sheet  page  1,  item  I),  and  a  line  of  run 
identification:  "NEW  DATA  (time) (date) . "  Next  it  asks  for  input  by  printing 
"?".  The  response  is  three  numbers  (X,  Y,  Z)  separated  by  commas.  The  first 
of  these  numbers  tells  the  computer  what  to  do.  This  number  has  the  following 
meanings : 


X  =  0:  Execute  program  with  current  data 

X  >  0:  Substitute  Z  for  the  number  currently 

given  on  input  data  sheet  X,  item  Y. 

When  X  refers  to  a  "cost"  account  and  Y  refers  to  item  9  of  that  account  and  Z 
is  "4",  the  change  will  involve  Table  "A"  of  Figure  A3.  In  this  case  the  computer 
will  ask  "HOW  MANY  CHANGES?".  The  response  is  (W) ,  the  number  of  changes  to 
Table  "A".  The  computer  will  then  ask  for  input  (W)  times.  Each  time  the 
response  is  three  numbers  (A,  B,  C)  separated  by  commas.  These  numbers  have 
the  following  meanings : 

A  =  Line  number  of  Table  "A" 

B  =  "Month"  for  line  (A) 

C  =  "Percentage"  for  line  (A) 

The  computer  will  continue  to  ask  for  data  changes  until  it  is  directed  to 
execute  the  program  as  described  above  (X  =  0) .  It  will  then  ask  "OUTPUT?". 
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The  response  is  a  number  from  1  to  6  with  the  following  meanings: 

1  =  No  output.  The  computer  will  print 

"DATA  FILE?"  and  will  accept  the  name 
of  a  new  data  file  as  shown  in  Figure  A9. 

2  =  No  output.  The  computer  will  print 

"NEW  DATA  (time) (date)"  and  will  accept 
new  data  as  shown  in  Figure  A9. 

3  =  Print  "Voyage  Data"  as  shown  in  Figure  A5. 


4  =  Print  "Present  Value  Data"  as  shown  in 

Figures  A6  and  A7. 


5  =  Print  "RFR"  as  shown  in  Figure  A8. 

6  =  Print  "Costs  by  Months"  as  shown  in  Figure  A8. 

If  output  option  "6"  is  selected,  the  computer  will  ask  "WHAT  ACCOUNTS?". 

The  response  is  five  numbers  separated  by  commas.  These  are  the  numbers  of 
the  cost  accounts  to  be  printed.  (If  this  number  refers  to  a  "port"  account, 
the  values  printed  will  be  the  cost  of  fuel  at  that  port.  There  is  no  cost 
account  #1.)  The  computer  will  then  ask  "WHAT  MONTHS?".  The  response  is  two 
numbers  separated  by  a  comma.  These  are  the  earliest  and  latest  of  the  series 
of  months  (after  contract)  to  be  printed. 

After  the  desired  output  has  been  printed,  the  computer  will  again  ask 
"OUTPUT?"  so  that  program  execution  can  continue  with  as  many  data  files,  data 
changes  and  sets  of  output  as  needed.  Any  data  changes  which  are  input  in 
response  to  the  question  "NEW  DATA?"  remain  in  the  program  for  the  duration  of 
that  run.  Subsequent  responses  to  this  question  may  modify  that  data  again, 
or  may  modify  other  data,  but  the  original  data  are  not  restored  unless  the  entire 
file  is  reloaded  in  response  to  the  question  "DATA  FILE?". 

When  no  further  runs  are  desired,  the  response  "STOP"  wil  terminate  the 
program. 

There  are  eight  computer-generated  information  messages  which  may  appear 
during  program  execution.  These  are: 

1.  "FILE  MODIFIED  AT  (time)  ON  (date)" 

This  message  appears  as  a  fourth  line  in  the  block  of  output  which 
identifies  the  data  file  used  (output  options  "3",  "4",  and  "6").  It  appears 
when  changes  have  been  made  to  that  data  file  during  program  execution. 

2.  "SHIP  CAN  ONLY  LOAD  (xxx)  TONS  OF  FUEL  AT  (port)" 

This  message  appears  when  the  amount  of  fuel  specified  by  the  input 
data  file  to  be  loaded  at  this  port,  plus  the  fuel  already  on  board,  is  greater 
than  the  capacity  of  the  F.O.  tanks.  The  program  continues  with  the  reduced 
amount  of  fuel  on  board. 


3. 


SHIP  MUST  LOAD  (xxx)  TONS  OF  FUEL  AT  (port) 


This  message  appears  when  the  amount  of  service  fuel  on  board  is  less 
than  the  amount  needed  to  reach  the  next  port  and  operate  the  ship  during  its 
stay  in  that  port,  and  the  input  data  file  does  not  call  for  fuel  to  be  loaded. 
The  program  continues  with  the  increased  amount  of  fuel  on  board. 

4.  "OUT  OF  FUEL  AFTER  (port)" 

This  message  appears  when  the  amount  of  service  fuel  on  board  (with 
all  F.O.  tanks  full)  is  not  sufficient  to  reach  the  next  port.  This  message 
terminates  execution  of  the  run;  the  computer  will  ask  "NEW  DATA  (time) (date) ?" 
and  will  accept  the  data  modification  needed. 

5.  "NO  COST  DATA  FOR  FUEL  AT  (port)" 

This  message  appears  when  fuel  is  loaded  at  a  port  but  the  input  data 
file  does  not  include  cost  data  for  that  fuel.  This  message  terminates 
execution  of  the  run;  the  computer  will  ask  "NEW  DATA  (time) (date?"  and  will 
accept  the  data  modification  needed. 

6.  "SHIP  CAN  ONLY  OFF  LOAD  (xxx)  TONS  OF  CARGO  AT  (port)" 

This  message  appears  when  the  input  data  file  specifies  an  amount  of 
cargo  to  be  off-loaded  which  is  greater  than  the  amount  of  cargo  on  board.  The 
program  continues  with  the  reduced  amount  of  cargo  off  loaded. 

7.  "SHIP  CAN  ONLY  LOAD  (xxx)  TONS  OF  CARGO  AT  (port)" 

This  message  appears  when  the  input  data  file  specifies  an  amount  of 
cargo  to  be  loaded  which  would  make  the  total  deadweight  on  board  (crew  and 
stores,  fresh  water,  service  fuel,  reserve  fuel  and  cargo)  greater  than  the 
maximum  allowable  deadweight.  The  program  continues  with  the  reduced  amount  of 
cargo  loaded. 

8.  "TOO  MANY  IRREGULAR  PAYMENT  SCHEDULES" 

This  message  appears  when  the  input  data  file  has  more  than  5  accounts 
with  irregular  payment  schedules  (input  data  sheet  item  9=4,  which  requires 
the  use  of  Table  "A").  Currently  the  program  dimension  statements  provide 
storage  for  no  more  than  five  sets  of  Table  "A"  variables.  This  message 
terminates  execution  of  the  run;  the  computer  will  ask  "DATA  FILE?"  and  will 
accept  the  name  of  a  new  data  file  as  described  above . 
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NONECONOMIC  EVALUATION  DESCRIPTION 
CONTENTS 


Page  No. 


Evaluation  of  NonEconomic  Factors  B-3 

I. .  Suitability  for  Intended  Use  B-5 

A.  Susceptibility  to  Damage  B-3 

•••••••••• 

Figure  B-l  -  Material  Trade-Off  Study  -  Evaluation  of 
NonEconomic  Factors  -  Suitability  for 
Intended  Use  B-4 

Figure  B-2  -■  Environmental  Impact  .  B-5 
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EVALUATION  OF  NON-ECONOMIC  FACTORS 


Figures  B1  through  B5  can  be  used  to  calculate  ratings  for  the  five 
non-economic  factors  currently  identified  in  the  Material  Trade-Off  Study.  These 
factors  and  their  attributes  are  discussed  below.  Other  factors  and  attributes 
can  be  used  by  any  shipowner  to  suit  his  specific  needs. 

Many  of  these  factors  and  attributes  may  affect  costs.  In  every  case,  the 
identifiable  dollar  cost  associated  with  such  an  attribute  must  be  included  in 
the  economic  evaluation  of  Appendix  A.  The  non-economic  evaluation  is  limited 
to  a  subjective  consideration  of  cost  trends  where  the  dollar  amount  cannot  be 
determined,  and  to  a  consideration  of  attributes  which  are  not  directly 
associated  with  costs. 

I .  SUITABILITY  FOR  INTENDED  USE 


A.  Susceptibility  to  Damage 

This  attribute  is  subdivided  into  four  types  of  damage: 
o  Mechanical 
o  Chemical 
o  Thermal 
o  Corrosion 

1.  Mechanical  damage  includes  the  susceptibility  to  tearing,  buckling, 
denting  or  abrasion  from  such  things  as  grounding,  collision,  internal  or 
external  explosions,  missiles,  cargo  and  cargo  handling  apparatus,  tugboats, 
piers,  etc. 

2.  Chemical  damage  includes  the  susceptibility  to  adverse  chemical 
reaction  with  solids,  liquids  or  vapors.  The  source  of  these  reagents  may  be 
on  the  ship  Isuch  things  as  cleaning  solutions  or  preservatives)  or  off  the 
ship  (such  things  as  fumes  from  chemical  plants  near  the  pier,  or  industrial 
wastes) .  This  category  does  not  include  the  effect  of  chemical  cargoes  (that 
is  in  Attribute  D) . 

3.  Thermal  damage  includes  the  susceptibility  to  material  degradation 
from  temperature  extremes  or  from  the  effects  of  expansion  and  contraction. 

This  category  includes  the  effect  of  cold  weather  on  material  properties,  but 
not  the  mechanical  effect  of  ice  on  the  structure  (that  is  in  Part  1,  Mechanical 
Damage) .  It  includes  the  effects  of  fires  off  the  ship  and  of  long-lasting 
fires  on  the  ship  (neither  of  these  is  included  in  the  current  rules  for 
structural  fire  protection) . 

4.  Corrosion  deunage  includes  the  susceptibility  to  structural 
degradation  from  wastage  under  normal  operating  conditions,  and  to  the  adverse 
effects  of  corrosion  products.  Wastage  includes  the  normal  overall  corrosion 
of  material  exposed  to  bilge  or  salt  water  or  salt  air,  as  well  as  to  the 
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FIGURE  8-1  -  MATERIAL  TRADE-OFF  STUDY  -  EVALUATION  OF  NON-ECONOMIC  FACTORS 
SUITABILITY  FOR  INTENDED  USE 
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FIGURE  B-2  -  MATERIAL  TRADE-OFF  STUDY  -  EVALUATION  OF  NON-ECONOMIC  FACTORS 
ENVIRONMENTAL  IMPACT 
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FIGURE  B-3  -  MATERIAL  TRADE-OFF  STUDY  -  EVALUATION  OF  N0N-EC0N0MIC  FACTORS 
USE  OF  NATIONAL  RESOURCES 
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FIGURE  B-4  -  MATERIAL  TRADE-OFF  STUDY  -  EVALUATION  OF  NON-ECONPMIC  FACTORS 
GOVERNMENT  INVOLVEMENT 


ATTRIBUTE 


pitCing  or  localized  corrosion  caused  by  galvanic  action  set  up  by  stray 

may  be  partrofn^e°shiD  ^°ntact.betwe«n  dissimilar  metals.  Dissimilar  materials 

etc  Corrnc?!  *  ?  l  be  SUch  thlngs  as  steel  piers,  metal  hawsers, 

etc.  Corrosion  products  may  be  unsightly,  may  be  toxic,  may  tend  to  spread 

under  protective  coatings,  may  rub  off  on  nearby  materials,  etc  This  category 
does  not  include  the  effect  of  c.rgo-induoed  corrosion  <th«  U  in  WtribuTw. 


B. 


Potential  Effects  of  Damage 


of  Attribute  da^er  associated  with  the  damages 

or  Attribute  A.  Except  for  a  few  cases  of  brittle  failure,  steel  ships  usually 

resist  damage  quite  well.  Deterioration  is  gradual  and  predictable,  allowing 
pie  time  for  repair.  This  may  not  be  true  for  other  materials.  The  initial 
damage  may  be  so  widespread,  or  so  concealed,  or  may  spread  so  rapidly,  as  to 
cause  extensive  secondary  damages  to  the  cargo  or  to  the  ship  itself 


C. 


Availability  of  Repair  Facilities 


Attrih„-IhiS  att^ib^te  measures  the  ease  and  rapidity  with  which  the  damages  of 

travel  half  Can  be  fl^ed‘  Even  minor  damage  can  be  crippling  if  the  ship  must 
travel  half-way  around  the  world  to  get  to  a  repair  yard.  J 

D-  Compatibility  with  Intended  Cargo 

for  use  Tilt  the  suitability  of  a  selected  structural  material 

the  cargo  ^  Tl  TT  ?  “  includes  such  things  as  contamination  of 

na™  f  a  V  materlalf  or  Chemical  attack  on  the  material  by  the  cargo  or 

by  thi  Liao  o00"0810!!  °lTe  structure*  does  not  include  mechanical  damage 
by  the  cargo  or  cargo  handling  equipment  (that  is  in  Attribute  A)  9 


E. 


Compatibility  with  Intended  Operating  Locat 


ion 


for  use  LHiJhetitLSnL!HmeaSUreS  SUitability  °f  a  selected  structural  material 
®  lhe  lntended  service  route.  Different  service  routes  expose  the 

be  very  u^fur^T!!1^5^^  h3Zards-  A  "Serial  (wood  for  example)  may 
nfhH  ?  !  1  ?  me  locatlons  <such  as  arctic  service)  and  be  unsuited  for 

other  locations  (such  as  tropical  service  where  wood-borers  are  prevalent?. 

F-  Hydrodynamic  Characteristics 

the  hvdrTdtLTTT'T  meaSUre"  the  effect  °f  a  selected  structural  material  on 
the  I  S  J performance  of  the  proposed  ship.  Items  to  be  considered  are 

“  that  t0  bC  ShaP6d  to  the  desired  *>Ued  form,  its  abinty 

its  8ur,ace  rou!"’Mss - 
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Appearance 
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II .  ENVIRONMENTAL  IMPACT 


Each  of  the  five  attributes  affecting  Environmental  Impact  is  subdivided 
into  three  eras  because  the  problems  are  different  in  each  era.  The  subdivisions 
are : 


o  production  of  raw  materials 


o  construction/repair/scrapping 
o  operations 

A.  Effect  on  Land 

This  attribute  measures  the  effect  of  a  selected  material  on  the  land. 
It  includes  consideration  of  such  things  as  land  clearing,  strip  mining, 
construction  of  roads  and  facilities,  erosion,  etc. 


B.  Effect  on  Water 

This  attribute  measures  the  effect  of  a  selected  material  on  water 
quality.  It  includes  such  things  as  the  contribution  toward  flooding  or  toward 
a  lack  of  water,  obstruction  of  streams  or  waterways,  dredging,  waste  pollution 
of  water,  etc. 

C.  Effect  on  Air 

This  attribute  measures  the  effect  of  a  selected  material  on  air  quality. 
It  includes  such  things  as  smoke,  dust  and  smog  pollution  of  the  atmosphere, 
creation  of  toxic  or  noxious  gases,  etc. 

D.  Effect  on  Wildlife 

This  attribute  measures  the  effect  of  a  selected  material  on  plants, 
animals,  birds,  and  fishes.  It  includes  such  things  as  destruction  of  wildlife 
itself,  changes  to  the  habitat  and  environment  of  the  wildlife,  changes  to 
the  feeding  and  migratory  patterns  of  the  wildlife,  etc. 

E.  Effect  on  People 

This  attribute  measures  the  effect  of  a  selected  material  on  people.  It 
includes  such  things  as  the  impact  of  noise,  light,  vibration,  odors,  appearance, 
etc.  on  the  safety,  comfort  and  happiness  of  the  workers  and  the  people  in 
surrounding  communities. 

III.  USE  OF  NATIONAL  RESOURCES 

A.  Materials 

This  attribute  measures  the  impact  of  a  selected  material  on  the  world 
supply  of  materials.  A  material  which  is  readily  available,  either  as  unmined 
ore  or  as  scrap,  is  preferable  to  one  which  is  in  short  supply  or  is  maintained 
in  the  National  Defense  Stockpile,  This  category  does  not  include  the  effect 
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of  buying  material  from  foreign  sources  (that  is  in  Attribute  F) . 

B.  Energy 

This  attribute  measures  the  impact  of  a  selected  material  on  the 
consumption  of  energy.  Use  of  energy  from  replaceable  sources,  such  as  waterpower, 
or  a  reduced  use  of  energy,  is  preferable  to  the  use  of  irreplaceable  sources 
such  as  petroleum. 


This  attribute  is  subdivided  into  two  parts: 

o  skilled  labor 
o  unskilled  labor 

When  a  labor  shortage  exists,  it  is  advantageous  to  use  a  material  with  low 
manpower  requirements.  When  there  is  a  high  unemployment  rate,  however,  it 
may  be  preferable  to  use  a  material  with  higher  manpower  requirements.  This 
attribute  is  subdivided  to  permit  separate  consideration  of  the  labor  markets 
for  skilled  and  unskilled  workers. 

D.  Production  Facilities 

This  attribute  measures  the  impact  of  a  selected  material  on  the  use 
of  production  facilities.  When  these  facilities  are  busy,  it  is  advantageous 
to  use  a  material  which  minimizes  the  additional  workload.  If,  however,  the 
facilities  are  not  otherwise  used,  this  workload  should  have  little  effect 
unless  it  becomes  the  only  way  to  keep  a  production  facility  active. 

E.  Transportation  Facilities 

This  attribute  measures  the  impact  of  a  selected  material  on  the  use 
of  transportation  facilities.  In  general,  it  is  preferable  to  avoid  the  use  of 
transportation  facilities,  particularly  when  they  are  needed  for  other  purposes. 

F.  Balance  of  Trade 

This  attribute  measures  the  impact  of  a  selected  material  on  the  national 
balance  of  trade.  Any  materials  or  services  which  must  be  purchased  from  a 
foreign  source  have  an  adverse  effect  on  the  balance  of  trade.  In  some  cases, 
however,  funds  may  be  "frozen"  in  a  foreign  country  and  such  imports  can  be 
the  only  way  to  recover  this  money. 

IV.  GOVERNMENT  INVOLVEMENT 

A.  Development  of  Rules  and  Regulations 

Use  of  a  new  material  may  require  the  development  of  new  rules  and 
regulations,  or  the  modification  of  existing  requirements.  In  either  case  the 
rule  making  process  is  apt  to  be  time-consuming  and  expensive,  both  to  the  agencies 
involved  and  to  the  prospective  user.  Such  indirect  costs  would  reduce  the 
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worth  of  the  proposed  ship.  Areas  to  be  considered  as  candidates  for  new  rules 
include: 


o  structural  fire  protection 
o  fire  fighting  equipment 
o  lifesaving  equipment 
o  public  health  requirements 
o  OSHA  requirements 
o  electrical  safety  requirements 
o  inspection  and  overhaul  requirements 

B.  Development  of  International  Agreements 

In  addition  to  the  regulations  of  U.S.  agencies,  a  shipowner  is  sul  'ct 
to  the  regulations  of  foreign  governments  and  to  international  treaties  such 
as  SOLAS.  These  international  requirements  may  be  harder  to  modify  than  the 

U. S.  requirements  described  in  Attribute  A. 

C.  Subsidy 

Many  ships  are  eligible  for  two  type*,  of  governmental  subsidy: 
o  construction 
o  operation 

D.  Loan  Guarantees 

Another  form  of  government  participation  in  the  shipbuilding  and 
shipping  industry  is  the  guarantees  of  construction  loans.  Any  change  in 
material  which  affects  these  guarantees  will  have  an  effect  on  the  worth  of 
the  proposed  ship. 

E.  Insurance 

Insurance  is  normally  handled  by  commercial  underwriters.  If,  however, 
a  new  material  is  such  that  suitable  insurance  cannot  be  obtained  commercially, 
the  government  would  be  called  upon  to  act  as  an  underwriter.  Such  a  contingency 
would  affect  the  worth  of  a  proposed  ship. 

V.  RISK 

A.  Technical 

This  attribute  is  a  measure  of  the  likelihood  that  a  selected  material 
will  not  perform  as  well  as  predicted,  or  that  it  will  require  more  time  for 
construction,  overhaul  or  repair  than  was  allotted  in  the  economic  analysis. 
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Either  of  these  contingencies  will  reduce  the  worth  of  the  proposed  ship. 

Technical  risk  is  subdivided  into  the  risk  of  unforeseen  problems  in: 


o 

design 

o 

construction 

o 

maintenance  and  repair 

o 

operation 

B.  Financial 

This  attribute  is  a  measure  of  the  likelihood  that  cost  estimates  used 
for  economic  analysis  of  the  proposed  ship  contain  significant  errors.  Such 
errors  can  either  increase  or  decrease  the  worth  of  the  proposed  ship,  but  only 
the  potential  decrease  is  considered  a  risk. 

Financial  risk 

is 

subdivided  into  changes  in  the  cost  estimates  for: 

o 

construction 

o 

maintenance  and  repair 

o 

operation 

o 

financing  and  insurance 

C.  Regulatory 

This  attribute  is  a  measure  of  the  likelihood  that  future  governmental 
action  will  change  the  rules  under  which  the  ship  design  was  made.  Such  changes 
can  either  increase  or  decrease  the  worth  of  the  proposed  ship,  but  only  the 
potential  decrease  is  considered  a  risk. 

Regulatory  risk  is  subdivided  into  two  parts: 

o  unforeseen  changes  in  requirements 
o  limitations  on  harbor  entry 

D.  Availability  of  Crew 

This  attribute  is  a  measure  of  the  likelihood  that  use  of  a  selected 
material  will  require  an  unforeseen  increase  in  crew  costs.  Such  an  increase 
may  be  required  by  union  demands  for  a  larger  crew,  for  a  higher  pay  scale, 
or  for  improved  subsistence  and  habitability, 

E.  Suitability  for  Alternate  Cargoes 

A  ship  which  is  limited  to  handling  one  type  of  cargo  may  be  worth  less 
than  a  ship  which  can  handle  many  cargoes.  If  the  availability  of  the  specialized 
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A  ship  which  is  limited  to  one  trade  route  may  be  worth  less  than  a 
ship  which  can  travel  many  routes.  If  the  availability  of  cargoes  on  the  single 
trade  route  should  be  reduced,  the  single-purpose  ship  would  require  lay-up  or 
expensive  modification,  whereas  the  multi-purpose  ship  could  move  to  a  different 
route.  This  attribute  is  a  measure  of  that  risk. 


cargo  should  be  reduced,  the  single-purpose  ship  would  require  lay-up  or 
expensive  modification,  whereas  the  multi-purpose  ship  could  carry  other 
cargoes.  This  attribute  is  a  measure  of  that  risk. 
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MATERIAL  DATA  BANK 


PART  IA 

MATERIAL  PROPERTIES  -  ABS  MILD  STEEL 


1.  MATERIAL:  ABS  Mild  Steel 

Six  Grades:  A,  B,  D,  E,  DS,  CS 

Grade  to  be  used  depends  on  location  in  hull  and  thickness  required 
(see  ABS  rules  section  43.3.8). 

2.  SUITABILITY  FOR  MARINE  ENVIRONMENT: 


2-i  OPERATIONAL  EXPERIENCE:  most  widely  used  commercial 
structural  material. 

2 . 2  ADVANTAGES : 


2-2.1  Relatively  low  cost 

2.2.2  Relatively  easy  to  fabricate 

2.2.3  Fire  resistant 

2.2.4  Welds  can  develop  the  full  strength  of  the 

base  material 

2 . 3  DISADVANTAGES : 


2 -3.1  Low  corrosion  resistance  -  must  be  protected 

2.3.2  Susceptible  to  brittle  fracture  at  low  temperatures 

2.3.3  High  density 

2.4  AVAILABILITY:  Typical  lead  time  2  months 

2.5  COST:  Mid  1977  -  material,  large  quantities  plates  or 

shapes  -  19C/# 

2.6  SCRAP  VALUE:  Mid  1977  -  4  4/# 

3.  DESIGN  PROPERTIES: 


3.1  Design  Yield  Strength 

3.2  Design  Ultimate  Strength 

3.3  Modulus  of  Elasticity 

3.4  Shear  Modulus 

3.5  Poisson's  Ratio 

3.6  Density 

3.7  Typical  Size  or  Thickness 
Limitations 


34,000  psi 
58,000  psi 
29  x  10*  psi 
11  x  10*  psi 
0.3 

0.283  lbs/in3 
Specially  approved 
specifications 
required  for  thickness 
over  2.0  inches 


'•'V  '«*■*  ” 


_  UM  L  _  it.‘ 


MATERIAL  DATA  BANK  -  PART  XA:  ABS  MILD  STEEL  (Cont'd) 


4.  FABRICABILITY : 

4.1  JOINING:  Readily  welded  with  a  variety  of  manual  and 

automatic  processes.  Welds  develop  the  full  strength 

of  the  base  material.  Welder  qualification  tests  per  ABS. 

4.1.1  Mechanical  fastening  -  riveting  and  bolting 
are  readily  performed  but  superseded  by  welding 
for  hull  structures. 

4.1.2  Dissimilar  metal  joining  -  cladding,  buttering, 
welding,  explosive  bonding. 

4.1.3  Brazing  -  readily  performed. 

4.1.4  Shielded  metal  arc  weld  (SMAW)  -  readily  performed. 

4.1.5  Submerged  arc  weld  (SAW)  -  readily  performed 

4.1.6  Electroslag  weld  (ESW  -  readily  performed  - 
vertical  position  -  heavy  plates 

4.1.7  Electrogas  weld  (EGW)  -  readily  performed  - 
vertical  position 

4.1.8  Gas-tungsten  arc  weld  (GTAW)  -  readily  performed 

4.1.9  Gas-metal  arc  weld  (GMAW)  =  readily  performed 

4.1.10  Electron  beam  weld  (EBW)  -  can  be  performed 

4.1.11  Resistance  weld  (RW)  -  can  be  performed 

4.1.12  Adhesive  bonding  -  not  applicable  to  hull  plate 
thicknesses 

4.2  FORMING:  readily  formed 

4.3  MACHINING:  readily  machined 

4.4  THERMAL  TREATMENT: 

Grades  D  and  DS  over  1.375  inches  thick  are  normalized 

Grades  E  and  CS  are  normalized 

4.5  DISTORTION  CONTROL: 

4.5.1  Peening  to  correct  distortion  or  to  reduce 
residual  stresses  is  permissible. 

4.5.2  Fairing  by  heating  or  flame  shrinking  or  other 
methods  is  permissible.  For  main  strength 
members  within  the  midships  portion  and  other 
highly  stressed  plating,  ABS  surveyor  approval 
is  required. 

5.  NONDESTRUCTIVE  TESTING/QUALITY  CONTROL: 

5.1  Liquid  Penetrant  -  extensive  experience 

5.2  Magnetic  Particle  -  extensive  experience 

5.3  Radiography  -  extensive  experience 

5.4  Ultrasonics  -  extensive  experience 

5.5  Acoustical  Emission  -  no  information 
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6.  MAINTENANCE  AND  REPAIR 


Coatings  are  required  both  above  and  below  the  waterline 
to  reduce  corrosion.  In  addition,  a  corrosion  allowance 
in  the  form  of  added  material  is  provided  for  all  exposed 
plating  and  framing.  When  special  protective  coatings  are 
used,  the  scantlings  of  longitudinal  strength  structure 
may  be  reduced  by  10*  or  0.125  inch  maximum. 

This  material  is  relatively  eacy  to  repair  in  the  field 
or  in  a  shipyard.  No  post-weld  heat  treatment  is  required 


7.  PHYSICAL  AND  CHEMICAL  PROPERTIES 


7.1  COMPOSITION  (Typical  values  -  some  variations  permitted 
in  special  cases) : 


fully  fully  fully  fully 

killed,  killed,  killed,  killed, 

fine-  fine-  fine-  fine- 

grain  grain  grain  grain 

practice  practice  practice  practice 


any  any 

method  method 
except  except 
rimmed  rimmed 
steel  steel 


Phosphorous 

max* 

Sulphur- 
max  * 
Silicon-* 


0.04 

0.35 

max 


CORROSION 


4-6  mils  per  year 
up  to  50  mils  per 
year  in  splash  zone 
if  unprotected 


General  with  water  flow 
<  10  fps. 


with  water  flow 
rate  >  10  fps 
Pitting  and  crevice 
Stress 
Cavitation 
Fouling 

H2  Embrittlement 
Exfoliation 


(not  available) 

minor 

none 

moderate 

poor  resistance 

none 

none 
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(Cont’d) 


7.2.8  Cargo  Compatibility  Compatible  with 

most  large  volume  dry 
and  liquid  bulk  cargo. 

•  Various  chemicals  are 

corrosive  to  mild  steel 
but  stainless  steel 
cladding  and  various 
protective  coating 
systems  are  available. 

7.3  EROSION:  moderate 

7 . 4  PROTECTION : 

7.4.1  Coatings  -  required  for  protection  from  oxidation 
and  to  reduce  fouling.  Many  types  of  coating 
systems  available. 

7.4.2  Anodes  -  zinc  or  aluminum 

7.4.3  Cathodic  protection  system  -  available 

7.5  THERMAL  CONDUCTIVITY:  0.12  cal-cm/cm2 -°C-sec 

7.6  COEFFICIENT  OF  THERMAL  EXPANSION:  6.3./106  in/in  °F 
8.  MECHANICAL  PROPERTIES: 

8.1  Yield  Strength: 

8.2  Tensile  Strength; 

8.3  Elongation: 

8.4  Toughness: 


8.4.1 

Charpy  -  Grade  D  - 

longitudinal 

-  20  ft- lbs 

at  -4°F 

transverse  - 

14  ft- lbs 

at  -4°F 

8.4.2 

Dynamic  tear  1" 

(not 

available) 

8.4.3 

Dynamic  tear  5/8" 

(not 

available) 

8.4.4 

Kic 

(not 

available) 

8.4.5 

Kiscc 

(not 

available) 

8.4.6  Nil  ductibility  temperature  -  Grade  G  - 

-20°F  to  +  40°F 

8.5  HARDNESS:  110  -  140  BHN 

8.6  FATIGUE  STRENGTH:  See  Figure  IA-8.6-1 


34.0  ksi  min  except  for  grade  A 
over  1.00  inches  which  is  32.0  ksi  min. 
58.0  -  71.0  ksi 
24%  min  in  2  inches 
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8.7  CREEP: 

8.7.1  Room  temperature  (not  available) 

8.7.2  150°F  (not  available) 

9.  MISCELLANEOUS: 

9.1  SPECIFICATIONS:  ABS 

9.2  SPECIAL  PROPERTIES:  (not  applicable) 

9.3  REMARKS:  (not  applicable) 
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MATERIAL  DATA  HANK 


PART  IP 

MATERIAL  PROPERTIED  -  ‘<4'u.  ALUMINUM 

MATERIAL i  MSu  Aluminum 

Sheet  and  plat  tempers  HI  12,  Hllf>,  HH7,  H323,  H343 

Extrusion  temporal  Hill,  11112 

Die  forgings!  H112 

Hand  forgings i  HI  12 

SUITABILITY  FOR  MARINE  ENVIRONMENT: 

2.1  OPERATIONAL  EXPERIENCE i 

2.1.1  H116/H117  temper  usod  for  hulls  on  PHM,  Hoeing 
JETFOIL,  and  ALCOA/SKAPROHK. 

2.1.2  Hill  temper  extrusion  used  for  docking  on  PHM, 
Booing  JETEOIL,  and  ALCOA  SF.APRORE. 

2.1.3  HJ21  temper  used  extensively  on  Navy  craft 
Including  USE  HTGHPOINT,  USE  TUCUMCART ,  and 
USS  FLAGSTAFF.  Considerable  problems  have 
boon  experienced  with  exfoliation.  Some 
reported  stress  corrosion  cracking  on  TUCUMCART . 
Should  not  be  used  for  hulls. 

2.2  ADVANTAGES : 

2.2.1  l.ow  density 

2.2.2  Resistant,  to  exfoliation  except  in  11321  temper. 

2 . 3  DISADVANTAGES : 

2.3.1  how  corrosion  fatigue  strength 

2.3.2  High  we  1 d  distortion  peculiar  to  aluminum 

2.3.3  Cannot  be  used  where  service  temperature 
exceeds  150°F 

2.3.4  Anodic  to  most  structural  materials.  Protection 

syst  em  recommended 

2.3.5  Welds  cannot  develop  the  full  strength  of  the 
base  material. 

2.4  AVAILABILITY i 

IV  It  wry  schedule  uncertain.  Typical  lead  t  tme  is  2  months. 
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2.5  COST :  Mid  1977  -  material,  large  quantities,  plates  or 

extrusions  -  78  C/#  (4.11)* 

*  Values  in  parenthesis  are  relationship  to  ABS 
mild  steel. 

2.6  SCRAP  VALUE:  Mid  1977  -  29  C/#  (7.25) 

3.  DESIGN  PROPERTIES  (welded  -  all  tempers) : 


3.1 

3.2 

3.3 

3.4 

3.5 

3.6 

3.7 


DESIGN  YIELD  STRENGTH 
DESIGN  ULTIMATE  STRENGTH 
MODULUS  OF  ELASTICITY 
SHEAR  MODULUS 
POISSON's  RATIO 
DENSITY 


19,000  psi  (0.559) 
41,000  psi  (0.707) 

10.3  x  106  psi  (0.355) 
3.85  x  106  psi  (0.350) 
0.33 

0.096  lbs/in3  (0.339) 


TYPICAL  SIZE  OF  THICKNESS  LIMITATIONS  up  to  3.0  inches  thickness 


4.  FABRICABILITY : 
4.1 


JOINING:  Both  manual  and  automatic  welding  have  the  same 
effect  on  strength  but  automatic  welding  produces  more 
consistent  results.  Weld  position  has  little  effect  on 
strength  although  providing  access  for  the  typical  welding 
gun  is  sometimes  difficult.  Recommended  filler  wire  is 
5556.  Welder  qualification  tests  per  ABS. 

4.1.1  Mechanical  fastening  -  rivet  alloys  1100, 

6054-T6,  and  6053-T6. 

4.1.2  Dissimilar  metal  joining  -  cladding,  dip  coating, 
electroplating,  buttering,  welding  explosive 
bonding. 

4.1.3  Brazing  -  difficult  to  braze  -  poor  wetting  - 
loss  of  properties 


4.1.4 


Shielded  metal  arc  weld  (SMAW)  -  not  applicable 
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5.  NONDESTRUCTIVE  TESTING/QUALITY  CONTROL: 

5.1  LIQUID  PENETRANT  -  extensive  experience 

5.2  MAGNETIC  PARTICLE  -  not  applicable 

5.3  RADIOGRAPHY  -  extensive  experience 

5.4  ULTRASONICS  -  extensive  experience 

5.5  ACOUSTICAL  EMISSION  -  limited  experience 


6.  MAINTENANCE  AND  REPAIR: 

6.1  Above  the  waterline  relatively  little  maintenance  is 
required.  In  many  cases,  the  aluminum  is  left  unpainted  and 
needs  only  an  occasional  fresh  water  washdown.  However, 

if  painted  for  aesthetic  or  other  reasons,  the  coating 
should  be  carefully  maintained  to  prevent  concentrated 
local  corrosive  or  electrolytic  attack  at  local  breaks 
in  the  coating. 

6.2  Below  the  waterline,  primer  and  tributyl  tin  oxide 
antifouling  paint  or  other  coatings  not  containing  copper, 
lead,  or  mercury  are  generally  used. 

6.3  When  making  weld  repairs,  some  protection  from  wind  is 
generally  required.  The  filler  wire  must  be  stored  in 
moisture  free  areas.  No  post  weld  heat  treatment  is  required. 


7.  PHYSICAL  AND  CHEMICAL  PROPERTIES: 

7.1  COMPOSITION:  Magnesium 

Manganese 
Chromium 
Copper 
Silicon  & 
Iron 


4. 7-5. 5 

Zinc 

0.25 

max 

0. 5-1.0 

Titanium 

0.20 

max 

0.05-0.25 

Others : 

0 . 1  max 

Each 

0.05 

max 

0.4  max 

Total 

0.15 

max 

7.2  CORROSION: 

7.2.1  General  with  water  flow 

rate  <  10  fps  light  -  uniform 


with  water  flow 
rate  >  10  fps 


(not  available) 
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7.2.2 

Pitting 
&  Crevice 

0.13- 

-0.26  mpy 

some  pitting  in 
splash  zone 

7.2.3 

Stress 

Good 

resistance 

can  occur  under 
certain  conditions  - 
high  temperatures  - 
severe  cold  forming 

7.2.4 

Cavitation 

Poor 

resistance 

7.2.5 

Fouling 

Poor 

resistance 

7.2.6 

H2  Embrittle 
ment 

none 

7.2.7 

Exfoliation 

none  in  H116/H117  temper  - 
will  occur  in  H321  temper 

7.2.8 

Cargo 

Compatibility 

contact  with 
mercury  ores. 

copper,  tin,  or 
potassium 

carbonate,  potassium  hydroxide 
and  trisodium  phosphate  should 
be  avoided.  Moisture  in  cargo 
holds  should  be  minimized  and 
the  holds  should  be  cleaned 
regularly  to  minimize  cargo 
buildup  when  carrying  ferrous 
ores,  lime,  aluminum  floride, 
and  aluminum  sulphate. 

7.3  EROSION:  Poor  resistance  -  will  abrade  at  approximately 

4  to  5  times  the  rate  of  mild  steel. 

7 . 4  PROTECTION : 

7.4.1  Coatings  -  see  item  6.1  and  6.2 

7.4.2  Anodes  -  zinc  or  aluminum 

7.4.3  Cathodic  protection  system  -  over  protection  is 
a  severe  problem  -  current  demands  on  system 
are  small  at  low  velocity. 

7.4.4  Fire  -  alternate  procedures  are  available  to 
ensure  that  aluminum  structure  provides 
protection  "equivalent  to  steel"  (see  reference  23) . 

7.5  THERMAL  CONDUCTIVITY:  0.28  cal-cm/cm2-°C-sec  (2.33) 

7.6  COEFFICIENT  OF  THERMAL  EXPANSION:  12.7/106  in/in-°F  @  68*F  (2.02 
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to  3.0  long  transv.  18.0  42.0 
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8.4 

TOUGHNESS : 

8.4.1 

Charpy 

(not 

available) 

8.4.2 

Dynamic  tear  1" 

(not 

available) 

8.4.3 

Dynamic  tear  5/8" 

(not 

available) 

8.4.4 

Kic 

(not 

available) 

8.4.5 

Ki  see 

(not 

available) 

8.4.6 

Nil  ductility  temperature 

(not 

applicable) 

8.5 

HARDNESS : 

annealed  plate  -  70  BHN 

8.6 

FATIGUE  STRENGTH:  See  Figure  IB-7.6-1 

Strength  of  H321  temper  at  a  given  number 
from  0.45  to  0.74  that  of  ABS  mild  steel. 

of  cycles  varies 

8.7 

CREEP: 

8.7.1 

Room  temperature 

(not 

available) 

8.7.2 

150°F 

(not 

available) 

9 .  MISCELLANEOUS : 

9 . 1  SPECIFICATIONS  s  ABS 

9.2  SPECIAL  PROPERTIES:  nonmagnetic 

9.3  REMARKS:  (not  applicable) 
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MATERIAL  CONVERSION  RELATIONSHIPS 

t 

Steel  and  aluminum  are  both  homogeneous  isotropic  materials  and,  therefore, 
it  is  reasonable  to  assume  that  the  stiffening  systems  will  be  similar.  The 
optimum  spacing  of  stiffeners  for  minimum  weight  or  minimum  fabricated  cost 
for  the  two  materials  may  be  slightly  different.  For  the  purposes  of  this 
sample  study,  it  should  be  sufficiently  accurate  to  assume  the  same  stiffener 
spacings  and  beam  lengths  for  the  aluminum  ship  as  for  the  steel  ship. 

Material  conversion  factors  must  account  for  differences  in  material  ultimate 
strength,  yield  strength,  fatigue  strength  and  modulus  of  elasticity.  The 
conversion  factors  for  structure  subject  to  dynamic  loadings  (which  is  subject 
to  fatigue)  must  also  account  for  differences  in  material  fatigue  strengths. 
Fatigue  strengths  of  both  steel  (Fs)  and  aluminum  (Fa)  will  be  based  on  the 
area  under  the  S-N  (stress-number  of  cycles)  fatigue  curves  between  102  and 
10®  cycles.  The  ratio  of  these  values  (Fs/Fa)  is  2.2  as  given  in  Reference  4. 

Corrosion 


A.B.S.,  in  the  1976  steel  rules,  allows  a  10%  reduction  in  steel  section 
moduli  and  a  10%  reduction  in  plate  thicknesses,  not  to  exceed  .125",  for  steel 
with  adequate  corrosion  resistant  coatings.  Considering  the  good  corrosion 
resistance  of  aluminum,  it  is  considered  reasonable  to  apply  this  reduction  when 
converting  steel  scantlings  to  aluminum  scantlings.  Therefore,  the  uncoated 
steel  scantlings  will  be  reduced  to  the  equivalent  coated  scantlings  before 
applying  the  conversion  factors  needed  to  calculate  aluminum  scantlings.  A.B.S., 
in  the  1975  aluminum  rules,  also  reduces  the  conversion  factors  by  10%  to 
account  for  aluminum's  better  corrosion  resistance. 

Abrasion 


Abrasion  of  the  tank  top  and  lower  wing  bulkheads  is  an  important  design 
consideration  for  bulk  ore  carriers.  It  was  determined  in  Reference  3  that 
aluminum  abrades  approximately  four  times  faster  than  mild  steel.  Therefore, 
the  aluminum  abrasion  allowance  will  be  four  times  the  steel  abrasion  allowance. 
The  thickness  of  an  aluminum  plate  subject  to  abrasion  can  then  be  determined 
by  the  following  equation: 

Ta  =  (Ts  -  As)  (Q)  +  Aa 

which  gives: 

Ta  =  (Q)Ts  +  As (4  -  Q) 
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where ? 


Ta  =  thickness  of  the  aluminum  plate 

Ts  =  thickness  of  the  coated  steel  plate 

C  =  the  appropriate  conversion  factor 
depending  on  the  loading  type  and 
orientation 

Aa  =  aluminum  abrasion  allowance  (=  4  As) 
As  «  steel  abrasion  allowance 


MATERIAL  CONVERSION  FACTORS  FOR  STATICALLY  LOADED  STRUCTURE 

The  basic  static  material  conversion  factor  is  a  single  number  determined  by 
combining  the  ultimate  and  yield  strengths  of  the  two  materials.  The  relative 
importance  of  yield  and  ultimate  is  still  under  widespread  debate.  Therefore, 
an  equally  weighted  equation,  which  is  presently  used  by  A.B.S.  in  converting 
MS  to  HTS  and  MS  to  Aluminum,  will  be  used  for  this  study: 


where; 


Qs 


(Ys  +  Us) 
(Ya  +  Ua) 


Ys  =  yield  stress  of  mild  steel 
Us  =  ultimate  stress  of  mild  steel 
Ya  =  as  welded  yield  stress  of  aluminum 
Ua  =  as  welded  ultimate  stress  of  aluminum 
Qs  =  static  material  conversion  factor 


Stiffeners 


The  minimum  section  modulus  of  an  aluminum  member,  not  subject  to  dynamic 
loads,  which  is  to  replace  a  steel  member  will  be  the  section  modulus  of  the 
coated  steel  member  times  the  static  material  conversion  factor  (Qs) .  It  is 
also  necessary  to  restrict  the  deflection  of  aluminum  members.  This  restriction 
is  presently  used  by  A.B.S.  because  of  the  lack  of  data  concerning  the  effect 
of  increased  deflections  on  ship  structure.  Deflection  is  restricted  by  requiring 
the  moment  of  inertia  of  the  aluminum  member  to  be  at  least  twice  that  of  the 
coated  steel  member.  For  convenience  in  calculation,  both  the  section  modulus 
and  the  moment  of  Inertia  of  a  coated  steal  member  are  assumed  to  be  equal 
to  90%  of  the  corresponding  values  for  uncoated  steel. 
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Plating 

The  conversion  factor  for  changing  steel  plate  thicknesses  to  aluminum  plate 
thicknesses,  where  dynamic  loads  are  not  a  major  concern,  is  dependent  on  the 
loading  orientation.  The  effect  of  in-plane  loads  can  be  measured  by  yield 
or  ultimate  tensile  and  compressive  stresses;  the  effect  of  normal  loads  can  be 
measured  by  bending  stresses. 

For  in-plane  tensile  or  shear  loads,  the  conversion  equation  is; 

Ta  *  (Qs)  Ts 

where; 

Ta  =  thickness  of  the  aluminum  plate 
Ts  *  thickness  of  the  coated  steel  plate 
Qs  =  static  material  conversion  factor 
For  in-plane  compressive  loads,  the  conversion  equation  is; 

Ta  *  (Qcs)  Ts 

where; 

Ta  =  thickness  of  the  aluminum  plate 
Ts  =  thickness  of  the  coated  steel  plate 
Qcs  =  compressive  static  conversion  factor 
To  evaluate  Qcs,  assume  that; 

Qcs  ■  as/aa 

where; 

Oa  *  in-plane  stress  of  the  aluminum  plate 
as  =  in-plane  stress  of  the  coated  steel  plate 
In  order  to  maintain  equivalent  buckling  strength  the  following  must  be  true; 


(Per) a  =  oa 
(Ocr)s  os 

where ; 

(Per) a  =  critical  buckling  stress  of  aluminum 
(Pcr)s  -  critical  buckling  stress  of  steel 
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Hie  critical  buckling  stresses  of  plates  having  the  same  dimensions  and  boundary 
conditions  are  directly  proportional  to  ET2.  Therefore, 


(Per) a 
(per) s 


the  modulus  of  elasticity  of  aluminum 


the  modulus  of  elasticity  of  steel 


These  equations  give  the  formula 


This  value  shall  be  used  in  all  cases  where  ~ y  — 
(Qs)  is  greater,  that  value  shall  be  used  for  (Qcs? 


is  greater  than  (Qs) .  If 


For  normal  loads 


thickness  of  the  aluminum  plate 


The  conversion  factor  (Qns)  is  determined  by  applying  the  static  material 
conversion  factor  (Qs)  to  the  section  moduli  of  the  aluminum  and  steel  plates 


where; 


section  modulus  of  the  aluminum  plate 


section  modulus  of  the  coated  steel  plate 


Since  section  modulus  is  based  on  the  thickness  squared,  the  conversion 
equation  becomes: 
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.vhere ; 

W  =  width  of  plate 
Ta  =  thickness  of  the  aluminum  plate 
Ts  =  thickness  of  the  coated  steel  plate 

which  reduces  to 


For  combined  normal,  and  tensile  or  shear  loads,  the  conversion  equation  is: 

Ta  =  (Qnts)  Ts 

where; 

Ta  =  thickness  of  the  aluminum  plate 

Ts  =  thickness  of  the  coated  steel  plate 

Qnts  =  combined  static  conversion  factor 

The  factor  (Qnts)  will  be  the  average  of  the  normal  factor  (Qns)  and  the  tensile 
or  shear  factor  (Qs) ,  so  that: 

gnts  =  2+  <2S) 

For  combined  normal  and  compressive  loads,  the  conversion  equation  is: 

Ta  =  (Qncs)  Ts 

where; 

Ta  =  thickness  of  the  aluminum  plate 

Ts  =  thickness  of  the  coated  steel  plate 

Qncs  =  combined  static  conversion  factor 

The  value  for  the  combined  static  conversion  factor  (Qncs)  shall  be  taken  as  the 
value  calculated  for  (Qs)  or  (Qcs)  or  (Qns)  whichever  is  greater. 

MATERIAL  CONVERSION  FACTORS  FOR  DYNAMICALLY  LOADED  STRUCTURE 

fatigue  strength  is  a  major  concern  in  dynamically  loaded  structure. 
The  fatigue  strength  of  aluminum  is  relatively  low  and, therefore,  must  be 
included  in  the  dynamic  material  conversion  factor.  The  basic  dynamic  material 
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conversion  factor  (Qd)  is  calculated  from  the  following  equation: 

*  -  va  (g  *||) 

where; 

Ys  =  yield  strength  of  steel 

Ya  =  as  welded  yield  strength  of  aluminum 

Fs  =  area  under  the  S-N  curve  of  steel 

Fa  =  area  under  the  S-N  curve  of  aluminum 

The  equation  for  (Qd)  produces  a  material  factor  equally  weighted  between  the 
yield  and  fatigue  strength  ratios.  This  value  shall  be  used  for  all  cases  where 
it  is  greater  than  (Qs) .  If  (Qs)  is  greater,  that  value  shall  be  used  for 
(Qd) .  A.B.S.  also  uses  this  equation  for  structure  where  dynamic  loads  are  a 
major  concern. 

Stiffeners 


The  minimum  section  modulus  of  an  aluminum  member  subject  to  dynamic  loads, 
which  is  to  replace  a  steel  member,  will  be  the  section  modulus  of  the  coated 
steel  member  times  the  dynamic  material  conversion  factor  (Qd) .  As  in  the 
case  of  statically  loaded  structure,  the  deflection  will  be  restricted  by 
requiring  the  aluminum  moment  of  inertia  to  be  at  least  twice  that  of  the  coated 
steel  member,  and  the  section  modulus  and  moment  of  inertia  of  the  coated 
steel  member  are  assume  '  to  be  90%  of  the  values  for  uncoated  steel. 

Plating 

Aluminum  plate  thickness  conversion  factors  will  be  found  for  dynamic 
structure  in  the  same  manner  as  the  static  plate  thickness  conversion  factors 
were  found.  In  any  case  where  the  dynamic  conversion  factor  is  less  than  the 
corresponding  static  conversion  factor,  the  static  factor  shall  be  used. 

For  in-plane  tensile  or  shear  loads,  the  conversion  equation  is: 

Ta  =  (Qd)  Ts 

where; 

Ta  =  thickness  of  the  aluminum  plate 
Ts  =  thickness  of  the  coated  steel  plate 
Qd  =  dynamic  material  conversion  factor 
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For  in-plane  compressive  loads,  the  conversion  equation  is: 

Ta  =  (Qcd)  Ts 

where ; 

Ta  =  thickness  of  aluminum  plate 
Ts  =  thickness  of  coated  steel  plate 
Qcd  =  compressive  dynamic  conversion  factor  =  (Qd) 

For  normal  loads .  the  conversion  equation  is : 

Ta  =  (Qnd)  Ts 

where; 

Ta  =  thickness  of  aluminum  plate 
Ts  =  thickness  of  coated  steel  plate 

2nd  =  ~V(Qnd)~  =  normal  dynamic  conversion  factor 
For  combined  normal,  and  tensile  or  shear  loads,  the  conversion  equation  is: 

Ta  =  (Qntd)  Ts 

where; 

Ta  =  thickness  of  aluminum  plate 
Ts  =  thickness  of  coated  steel  plate 

Ontd  =  (Qd)  +  (Qnd)  _  ... 

2  =  combined  dynamic  conversion  facto 

For  combined  normal  and  compressive  loads,  the  conversion  equation  is: 

Ta  *  (Qncd)  Ts 

where; 

Ta  =  thickness  of  aluminum  plate 

Ts  =  thickness  of  coated  steel  plate 

Qncd  =  combined  dynamic  conversion  factor 

The  value  for  the  combined  dynamic  conversion  factor  (Qncd)  shall  be  taken  as 
the  value  calculated  for  (Qd)  or  (Qcd)  or  (Qnd)  whichever  is  greater. 
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MATERIAL  CONVERSION  FACTOR  FOR  STANCHIONS,  PILLARS  AND  STRUTS 

The  A.B.S.  equation  governing  the  design  of  stanchions,  pillars,  and  struts 
for  steel  ships  is  developed  from  the  critical  buckling  stress  curve  using  the 
straight-line  method.  The  A.B.S.  equation  for  steel  is: 

Wa  *  (  17.54  -  .0644  ^  )  A 

where; 

Wa  =  allowable  load  in  (KIPS) 

1  =  column  length  in  (in) 

r  =  radius  of  gyration  (in) 

A  =  area  in  Cin2) 

A  similar  equation  was  developed  by  A.B.S.  in  the  rules  for  aluminum  ships. 
This  equation  incorporates  a  10%  increase  to  account  for  corrosion.  Using  5456 
aluminum  properties  in  the  A.B.S.  equation  gives: 

Wa  *  ^  11.51  -  .0668  j  )  A 

These  two  equations  do  not  permit  the  development  of  a  single  formula  for 
direct  substitution  of  aluminum  in  place  of  steel.  Tables  or  graphs  can  be 
developed  to  permit  such  a  substitution,  but  this  is  a  time-consuming  effort 
and  is  justified  only  if  many  such  calculations  are  to  be  made.  When  only  a 
few  substitutions  are  needed,  as  in  the  case  of  this  sample  calculation,  a 
trial-and-error  method  can  be  used.  The  maximum  allowable  load  (Wa)  is  calculated 
for  the  steel  member  and  used  as  the  design  load  for  the  aluminum  member.  Various 
aluminum  sections  are  tried  until  one  is  found  which  will  support  that  design 
load.  This  process  is  repeated  for  each  stanchion,  pillar  or  strut. 

NUMERICAL  VALUES 


QS  = 

(YS 

+ 

Us) 

(34000  +  58000) 

(Ya 

+ 
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(19000  +  41000)  = 

QCS  * 
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MATERIAL  DATA  BANK 


PART  HI 

SUPPLEMENTARY  DATA 


WEIGHTS 


The  midship  section  and  transverse  bulkhead  designed  for  the  aluminum  ship 
in  Appendix  E  and  the  corresponding  drawings  for  the  steel  ship  in  Appendix  D 
were  used  to  calculate  weights  of  typical  weight  groups.  The  ratios  of  these 
weights  (aluminum/steel)  are  tabulated  below.  These  values  can  be  used  to 
estimate  the  weight  of  any  similar  aluminum  configuration  (if  the  weight  of  the 
steel  component  it  replaces  is  known) .  The  ratio  is  very  accurate  for 
configurations  which  are  closely  similar  to  those  used  as  a  base,  and  are 
reasonably  good  for  other  configurations. 

The  accuracy  of  these  factors  can  be  improved  by  calculating  weight  ratios 
for  additional  configurations  and  developing  tables  or  graphs  to  cover  a  wider 
range  of  possibilities.  This  additional  work  is  not  justified  for  a  single  ship 
investigation,  but  would  be  very  helpful  if  many  Material  Trade-Off  Studies 
were  conducted. 
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Aluminum: 


Cost  of  outfit  (increased  5.4%  as  recommended  in 
Reference  4  to  allow  for  changed  fire  protection, 
painting,  etc.)  -  $5568/1.  ton 


Cost  of  design 


$2345000 


Aluminum: 


Cost  of  design  (increased  30%  as  recommended  in 
Reference  4  to  allow  for  differences  in  regulations 
and  design  methods,  and  for  increased  machinery 
and  outfit  complexity)  •  $3049000 


Acquisition  Costs  Not  Affected  By  Material 


6.  Overhead  ■  25%  of  the  sum  of  categories  1  through  5 


7.  Profit  ■  10%  of  the  sum  of  categories  1  through  6 


8.  Annual  Cost  of  Maintenance  and  Repair 


These  costs  vary  with  the  site  of  the  ship  and  power  plant 
the  amount  of  surface  to  be  painted,  etc.  For  convenience 
in  this  sample  calculation,  this  cost  is  assumed  to  be 
proportional  to  displacement. 


Steel : 


Cost  of  maintenance  and  repair 


Aluminum: 


Cost  of  maintenance  and  repair  (increased  by 
11%  to  allow  for  increased  machinery  and  outfit 
complexity  and  for  higher  uninsured  repair  costs, 
decreased  by  5.3%  to  allow  for  decreased  painting 
costs,  for  a  net  increase  of  5.7%  as  recommended 
in  Reference  4)  ■  $928 


rating  Costs  Not  Affected  By  Material 


9.  Manning  and  Subsistence 


$12 38000/year 
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$  80000/year 


$  10000  + 

(0.007  *  construction 
cost) /year 


11.  Hull  and  Machinery  Insurance 


$  70000/year 


12.  Protection  and  Indemnity  Insurance 


75/ton 


Space  requirements  do  not  affect  the  designs  of  the  ore  carrier 
used  for  this  study,  so  data  were  not  developed. 

VOLUME 

The  volume  of  all  the  structure,  or  of  any  structural  component 
can  be  found  from  that  structure's  weight. 

Steel  weighs  0.283  pounds  pc*:  cubic  inch  and,  therefore,  occupies 
4.58  cubic  feet  per  ton. 

Aluminum  weighs  0.096  pounds  per  cubic  inch  and,  therefore, 
occupies  13.50  cubic  feet  per  ton. 
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PRINCIPAL  CHARACTERISTICS  -  H.  V.  CHATJJtunun 


LOA 

m 

632.833 

feet 

LBP 

- 

590.542 

feet 

Beam 

■ 

88.583 

feet 

Depth 

■ 

52.167 

feet 

Draft 

Full  Load 

- 

35.75 

feet 

Light 

15.0 

feet 

Displacement 

Full  Load 

- 

44,750 

Long  Tons 

Light 

- 

19,571 

Long  Tons 

Light  Ship  Weight 

m 

7,892 

Long  Tons 

Total  Deadweight 

- 

36,858 

Long  Tons 

Speed 

Maximum 

• 

17.4 

knots 

Full  Load 

m 

14.8 

knots 

Light 

m 

16.9 

knots 

Power 

Maximum 

m 

9,600 

SHP 

Full  Load 

m 

8,700 

SHP 

Ballast 

- 

7,800 

SHP 

Built  1965,  Mitsubishi  Heavy  Industries,  Ltd. 

Classification  ABS  A1  E  "Bulk  Carrier"  AMS 


Registration 
Gross  Tonnage 
Net  Tonnage 
Number  of  Crew 
Number  of  Passengers 
Weight 


Strengthened  for  heavy  cargoes 
Monrovia,  Liberia,  No.  2373 
19,633  (Liberian) 

13,451  (Liberian) 

-  34 

-  0 


Structure 
Machinery 
Outfit 
Ship  Stores 
Consumables 
Crew  and  Effects 
Pass,  and  Effects 
Pr*--*>le  Water 
.-es.  Feed  Water 
.Hast 
el 

Jargo 

Range 

Reserve  Fuel 
Fuel  Rates 
Consumables 
Crew 
Pass 

Potable  Water 
Crew 
Pass. 


5920.0 

Long 

Tons 

752.0 

Long 

Tons 

1190.0 

Long 

Tons 

100.0 

Long 

Tons 

90.0 

Long 

Tons 

10.0 

Long 

Tons 

0.0 

Long 

Tons 

140.0 

Long 

Tons 

60.0 

Long 

Tons 

0.0 

Long 

Tons 

1029.0 

Long 

Tons 

35459.0 

Long 

Tons 

9040  N.  Miles 
2  Days 

.397  #/SHP-HR 

10  # /man-day 
0 

800  #/man-day 
0 
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General  Arrangement  M.V.  challenger 


STlFFEMERS 
I  ? 8  27.2*A.8»O.43»0.50  X 

2w»7  27. 2»  7.1  «0.43  •  0.50 1 

8  r^tfo  <3  / 9.7*  KX«»*  0.34  *0.50  1 

14,15,  IU  1^.7*  7. 1  *  0.3V  0.50  X 
17,  (ft  t5. ft  «  3.V  O.Sl  *  0.71  4. 


ilflo  7.4  *3.5 *0.35 >0.55  L 
2l*' 22  //.8«  3.5  •  0.4  3  »0.U3  L 

23 Tw<*,2(.  4.8 »  3,5  •  0.34  »  0.54  L 
27*32  7.4.  3.3- 0.35*0.53*. 

28  Tm«o3i  5. A  >3.5  >0.35  *  0.3S  L 


FIGURE  D-3  -  TRANSVERSE  WATER  TIGHT  BULKHEAD  MILD  STEEL  SHIP 


Upper  transvers  structure 

-  10. S'  -  126" 

Lower  transverse 
structure  ■  7.673'  -  94.5' 

Side  shell  stiffening 

-  31- 

Total  number  of  upper 
transverses  •  38 

Total  number  of  lower 
transverses  •  S3 


Total  number  of  shell 
stiffeners  ■  172 


ACQUISITION 


Machinery 

Outfit 


ANNUAL  OPERATING 


Manning  and  Subsistence 
Shore  Staff 


Total 


These  values  are  based  on  Reference  4,  escalated  at  7%  for  seven  years 
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STRUCTURAL  COMPONENTS  AND  LOADING 


LONGITUDINAL  STRUCTURE 

LOADING  TYPE  AND  CONVERSION 

STRUCTURE  ORIENTATION  EQUATION 

Side  Shell  Plating  DYNAMIC  -  In-Plane 

(including  compressive)  Ta  -  Ts  (Qncd) 

and  Normal 


Inner  Bottom  Plating  DYNAMIC  -  In-Plane 

(including  compressive) 
and  Normal.  High 
abrasion  levels 


Deck  Plating  DYNAMIC  -  In-Plane 

Upper  Tank  Side 

Plating  (including  compressive)  Ta  -  Ts  (Qncd) 

Bottom  and  Bilge  Tvirn 

Plating  and  Normal 

Longitudinal  Framing 

(in  floor) 

Longitudinal  Deck 
Girder 


Bottom  Longitudinal  DYNAMIC  -  In-Plane 

Inner  Bottom 

Longitudinal  (including  compressive) 

Side  Longitudinal 

Deck  Longitudinal  and  and  Normal 

Tank  Side  Longitudinal 


SMa  ■  SMs  (Qncd) 
la  *  21s 


Ta  -  Ts  (Qncd) 
♦  As (4  -  Qncd) 
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STRUCTURAL  COMPONENTS  AND  LOADING 


TRANSVERSE  STRUCTURE 


STRUCTURE 


Bulkhead  Plating 


Bulkhead  Stiffeners 


Transverse  Floor 
Plating 


Transverse  Floor 
Stiffeners 

Lower  Tank  Side  Girder 
Bilge  Turn  Girder 
Upper  Tank  Side  Girder 
Transverse  Deck 
Girder  and 

Vertical  Side  Girder 


LOADING  TYPE  AND 
ORIENTATION 

STATIC  -  In-Plane 
(including  compressive) 
and  Normal 

STATIC  -  Normal 

STATIC  -  In-Plane 
(including  con\pressive) 
and  Normal 

STATIC  -  In-Plane 
(including  compressive) 
and  Normal 


Side  Shell  Vertical  DYNAMIC  -  Normal 

Stiffeners 
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CONVERSION 

EQUATION 

Ta  *  Ts  (Qncs) 

SMa  ■  SMs  (Qns) 
la  *  21s 

Ta  ■  Ts  (Qncs) 


SMa  -  SMA  (Qncs) 
la  -  21s 


SMa  -  SMs  (Qnd) 
la  -  21s 


LONGITUDINAL 


FIGURE  E-l  -  SCANTLING  SUBSTITUTION  -  LONGITUDINAL  STRUCTURE 


UNCOATED  COATED  (T*> 


M  (CONT.)  -  SCANTLING  SUBSTITUTION  -  LONGITUDINAL  STRUCTURE 


FIGURE  E-2  (CONT.)  -  SCANTLING  SUBSTITUTIONS  -  TRANSVERSE  STRUCTURE 


FIGURE  E-2  (CONT.)  -  SCANTLING  SUBSTITUTIONS  -  TRANSVERSE  STRUCTURE 


TRANSVERSE  WATERTIGHT  BULKHEAD  ALUMINUM  SHIP 


VERIFICATION  OF  ALUMINUM  DESIGN  SUITABILITY 


COMPATIBILITY  AT  STRUCTURAL  COMPONENT  INTERFACES 


The  aluminum  components  have  the  same  configurations  and  stiffener  spacings 
as  the  steel  components,  so  there  is  no  problem  with  misalignment  of  stiffeners. 
Some  of  the  aluminum  stiffeners  are  deeper  than  the  steel  stiffeners  and  have 
wider  flanges.  These  stiffeners  were  reviewed  to  be  sure  that  the  added  depth 
and  width  did  not  create  physical  interferences  or  close  off  needed  access. 

No  such  problems  were  found. 

LONGITUDINAL  STRENGTH  AND  STIFFNESS 


The  longitudinal  hull  girder  must  meet  the  same  criteria  as  other  ship 
stiffeners  under  dynamic  loading.  These  criteria  are* 


SM*  =  0.9  (Q ,)  SM 

A  d  us 

I.  -  0.9  (2)  I 

A  us 


where j 


Vy  Deck 


I/y  at  Bottom 


SM. 


SM 


us 


us 


Section  modulus  -  aluminum 
Section  modulus  -  uncoated  steel 
Moment  of  inertia  -  aluminum 
Moment  of  inertia  -  uncoated  steel 
Dynamic  conversion  factor  (=  1.995) 


steel  ship  67090  in2-ft 
minimum  for  alum,  ship  »  120500  in2-ft 
actual  for  alum,  ship  ■  124700  in2-ft 


steel  ship 

minimum  for  alum,  ship 
actual  for  alum,  ship 


Moment  of  Inertia 


89400  in2-ft 
160500  in2-ft 
185700  in2-ft 


steel  ship 

minimum  for  alum,  ship 
actual  for  alum,  ship 


2.113  *  106  in2-ft2 
3.803  *  10«  in2-ft2 
3.954  *  106  in2-ft2 
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ALUMINUM  SHIP  STRUCTURAL  WEIGHTS 


The  steel  ship  structure  was  divided  into  major  weight  groups.  The  weight 
of  each  group  was  multiplied  by  the  appropriate  (aluminum/steel)  weight  ratio 
from  Part  III  of  the  Data  Bank,  and  the  products  summed  to  obtain  the  aluminum 
ship  structural  weight. 


Weight  Group 

Steel 

Ship  Weight 
(Long  Tons) 

Alum/Steel 
Ratio 
(from  Part 

III  of  Data 
Bank) 

Aluminum 
Ship  Weight 
(Long  Tons) 

Deck  Plating  &  Longitudinals 

750 

.578 

434 

Side  Shell  Plating  and 
Longitudinals 

850 

.630 

535 

Inner  Bottom  Plating  and 
Longitudinals 

800 

.779 

623 

Bottom  Shell  Plating  and 
Longitudinals 

1050 

.643 

675 

Tank  Side  Plating  and 

Longitudinals 

560 

.735 

412 

Bulkhead  Plating  and  Framing 

920 

.573 

527 

Upper  Transverse  Web 

120 

.549 

66 

Lower  Transverse  Web 

300 

.483 

145 

Side  Shell  Stiffener 

140 

.470 

66 

Deckhouse 

130 

.567* 

74 

Superstructure 

120 

.567* 

68 

Foundations 

110 

.567* 

62 

Welding  and  Riveting 

70 

.567* 

40 

Total 

5920 

.630 

3727 

* 


The  average  of  the  other  ratios  (neglecting  those  ratios  that  include  abrastion) . 


ALUMINUM  SHIP  CHARACTERISTICS 


Aluminum  ship 

LOA  (ft) 

LBP  (ft) 

Beam  (ft) 

Depth  (ft) 

Draft  -  Full  Load 
Light 

Displacement 

Full  Load 
Ballast 

Light  Ship  Weight 
Total  Deadweight 
Speed 

Maximum 
Full  Load 
Ballast 

Power 

Maximum 
Full  Load 
Ballast 

Number  of  Crew 
Number  of  Passengers 
Weight 

Structure 

Machinery 

Outfit 

Ship  Stores 

Consumables 

Crew  and  Effects 

Pass,  and  Effects 

Potable  Water 

Res.  Feedwater 

Ballast 

Fuel 

Cargo 


632.833  feet 

590.542  feet 

88.583  feet 

52.167  feet 

35.75  feet 
15.0  feet 

44,750  long  tons 
19,571  long  tons 

5,474  long  tons 

39,276  long  tons 


17.4  knots 

14.8  knots 

16.9  knots 


«  9,600  SHP 

■  8,700  SHP 

=  7 , 800  SHP 

=  34 

=  0 


■  3,727  long  tons 

=  720  long  tons 

=  1,027  long  tons 

=  100  long  tons 

■  90  long  tons 

»  10  long  tons 

“  0  long  tons 

■  140  long  tons 

■  60  long  tons 

*  0  long  tons 

-  1,029  long  tons 

*  37,847  long  tons 


Range 


9,099  nautical  miles 


ALUMINUM  SHIP  CHARACTERISTICS  (Cont ' d) 


Reserve  Fuel  Days 


397  #/SHP-hr 


Ruel  Rate  (#/SHP-Hr) 


10  # /man -day 


800  #/man-day 


Sample 

Figure 

Figure 

Figure 


APPENDIX  F 

SAMPLE  DESIGN  OPTIMIZATION 
CONTENTS 


Design  Optimisation  . 

F-l  -  Same  Geometry  Ship 
F-2  -  Same  Capacity  Ship 
F-3  -  Increased  Capacity  Ship 


F-l 


SAMPLE  DESIGN  OPTIMIZATION 


A  simple  computer  program  was  written  to  validate  the  formulas  and  flow 
chart  described  in  the  section  "DESIGN  OPTIMIZATION."  This  program  was  used 
to  develop  two  alternate  modifications  to  the  aluminum  ship  design  developed  in 
Appendix  E. 

Ship  characteristics  for  the  aluminum  vessel  of  Appendix  E  (same  geometry 
as  steel  ship)  were  input.  Figure  FI  tabulates  those  data.  For  each  of  the 
alternate  designs,  the  desired  modified  cargo  capacity  was  input.  The  computer 
calculated  a  new  ship  displacement  and  horsepower,  and  modified  the  ship 
characteristics  accordingly.  Figures  F2  and  F3  tabulate  these  modified  data 
for  a  ship  with  the  same  cargo  capacity  as  the  steel  ship,  and  a  ship  with  the 
cargo  capacity  increased  5%  above  that  of  the  aluminum  ship  of  Figure  FI. 
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FIGURE  F-l  -  SAME  GEOMETRY  SHIP 
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APPENDIX  G 


SAMPLE  ECONOMIC  EVALUATION 


CONTENTS 


Sample  Economic  Evaluation 


Economic  Assumptions 


Voyage  Information 


Computer  Results 


Figure  G-l  -  Sample  Calculation  -  Steel  Ship 


Figure  G-2  -  Sample  Calculation  -  Aluminum  Ship 


Figure  G-3  -  Required  Freight  Rates  for  Various 
Cargo  Tonnages  ....... 


SAMPLE  ECONOMIC  EVALUATION 


This  economic  evaluation  used  the  computer  program  GENEC,  described  in 
Appendix  A,  to  calculate  RFR's  for  the  steel  ship  and  for  the  three  aluminum 
ships  developed  in  Appendix  F.  Simplified  numerical  data  were,  used  for  tills 
calculation,  based  primarily  on  Reference  4.  More  detailed  data  should  be  used 
for  a  specific  Material  Trade-Off  Study.  The  program  has  the  capability  of 
accepting  any  additional  data  needed  to  suit  conditions  which  occur  in  practice. 

ECONOMIC  ASSUMPTIONS 


The  discount  rate  is  9%. 

Material  scrap  value  escalates  at  5%,  and  all  costs  escalate  at  8%  from 
the  date  of  the  contract. 

The  construction  time  for  all  ships  is  30  months. 

The  ship  life  is  25  years  for  the  steel  vessel  and  30  years  for  aluminum 
vessels. 

All  ships  will  operate  360  days  per  year. 

All  ships  will  have  34-man  crews. 

Adequate  cargo  will  be  available  when  needed. 

RFR  is  calculated  before  taxes. 

RFR  is  based  on  operating  costs  for  the  first  five  years  of  ship  life. 
VOYAGE  INFORMATION 

The  voyage  is  from  Seattle  to  Yokohama  (4,280  nautical  miles)  loaded, 
with  return  in  ballast. 

Ship  will  spend  1.5  days  in  each  port  and  will  consume  6  tons  of  fuel  per 
day  in  port. 

SHIP  INFORMATION 

Steel  ship  information  is  tabulated  in  Appendix  D. 

Aluminum  ship  information  (three  designs)  is  tabulated  in  Appendix  F. 

COST  INFORMATION 
Fuel  Costs 


Fuel  cost  is  $75  per  long  ton,  escalated  at  8%  from  the  date  of  contract. 


Acquisition  Costs 


Cost  formulas  are  given  in  Part  III  of  the  Data  Bank 


Alum.  Shi 


Alum.  Shi 


3.  Machinery 


4.  Outfit 


Subtotal 


6.  Overhead  (25%) 


7.  Profit  (10%) 


Total 


rating  Costs 


Cost  formulas  are  given  in  Part  III  of  the  Data  Bank 


Steel  Ship 
(Append. D) 


Capacity 
Alum.  Shi 


Capacity 
Alum.  Shi; 


Geometry 
Alum.  Shi; 


1.  Manning  and 
Subsistence 


3.  H&M  Insurance 


5.  Maintenance  & 
Repair 


Total 


27,120,000 

2,712,000 

25,764,000 

2,576,000 

28,199,000 

2,820,000 

29,832,000 

28,340,000 

31,019,000 

Scrap  Value 


Steel  Ship 
(Append. D) 

Same 

Geometry 
Alum.  Ship 

Same 

Capacity 
Alum.  Ship 

Increased 

Capacity 
Alum.  Ship 

Scrap  Value 

530,000 

2,421,000 

2,272,000 

2,539,000 

COMPUTER  RESULTS 

Input  and  output  for  the  four  computer  runs  is  shown  in  Figures  Gi  through 
G4.  The  resulting  RFR's  are  plotted  against  cargo  deadweight  in  Figure  GS. 

The  graph  indicates  that  a  larger  aluminum  ship  would  be  more  cost  effective 
than  the  steel  ship,  but  a  large  aluminum  ship  cannot  properly  be  compared 
with  a  small  steel  one.  This  illustrates  the  problem  of  "optimising"  ship  size 
for  merchant  vessels  that  vas  discussed  earlier  in  the  section  "DESIGN 
OPTIMIZATION." 
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APPENDIX  H 


SAMPLE  NON-ECONOMIC  EVALUATION 
CONTENTS 


Figure  H-l  -  Suitability  for  Intended  Use 
Figure  H-2  -  Environmental  Impact  .  .  . 
Figure  H-3  -  Use  of  National  Resources  . 
Figure  H-4  -  Government  Involvement  .  . 
Figure  H-5  -  Risk  . 
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FIGURE  H-2  -  ENVIRONMENTAL  IMPACT 


;  ***  *  *■» 


MATERIAL  TRADE  -  OFF  STUDY 
EVALUATION  OF  NON  -  ECONOMIC  FACTORS 


BY  0.  3  UOOu£~y _  DATE  <3/2.5  /  78 


ATTRIBUTE 

/ 

/ 

PESSIMISTIC 

MOST.  PR 08. 

OPTIMISTIC 

VALUE 

WTO. 

XX3U= 

-lo 

VALUE 

WTO. 

VAL. 

VALUE 

WTO. 

VAL. 

MATERIALS 

to 

-2 

o 

_ 

o 

ENERGY 

10 

-1 

i 

N> 

O 

-2. 

-20 

-1 

*/o 

MANPOWER  -  SKILLEO 

4 

-/ 

-4 

-/ 

o 

- 

-UNSKILLED 

2 

O 

— 

O 

+  < 

42 

PRODUCTION  FACILITIES 

+ 

-1 

-4 

O 

— 

4  1 

4  4- 

TRANSPORTATION  FACILITIES 

• 

0 

- 

4  / 

4  | 

+  1 

BALANCE  OF  TRAOE  (IMPORT/EXPORTI 

A 

O 

— 

O 

_ 

<3 

— 

.  _ 

TOTAL 

35 

-48 

-23 

-3 

FACTOR  RATINGS 

*,137 

-.0(00 

*.004 

RATING  FOR  THIS  FACTOR  •  2  WEIGHTED  VALUES 

JO*  2  WEIGHTS 
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SAMPLE  COMBINED  EVALUATION 
CONTENTS 


Figure  J-l  -  Final  Evaluation  of  Same  Geometry 


Aluminum  Ship .  J-2 

Figure  J-2  -  Final  Evaluation  of  Same  Capacity 

Aluminum  Ship .  j-3 

Figure  J-3  -  Final  Evaluation  of  Increased 

Capacity  Aluminum  Ship .  J-4 


ECONOMIC  FACTOR 


i»  rt  on) 


BASE  SHIP  RFR 


NEW  MATERIAL  SHIP  RFR 


ECONOMIC  WORTH 


NON  -  ECONOMIC  FACTORS 


SUITABILITY  FOR  INTENDED  USE 


ENVIRONMENTAL  IMPACT 


USE  OF  NATIONAL  RESOURCES 


GOVERNMENT  INVOLVEMENT 


RISK 


NON  -  ECONOMIC  WORTH 


MULTI- 

PLIEN 

(t/IONI 


PESSIMISTIC  II  PHOBABI  E  ||  OPIIMISTIC 


RATING  TVORTM  I  WORTH  MATINIll  PltTAtll 

RATING  (J/TONI  RATINOJ  (» /TONI  HAT,NU  (I  TONI 


-.til  -.072 


-.137  -.001 


-.014  -.007 


-.147  -.103 


-.077 


+.033  +.010 


-.001 


+.036  +.010 


+.133  +.067 


-.061  -.067 


TOTAL  WORTH 

worth 

rtAONI 

\of 

BASl  SHIP 
RFR 

PESSIMISTIC  EVALUATION 

-.406 

-4.3 

MOST  PROBABLE  EVALUATION 

-.316 

-3.3 

OPTIMISTIC  EVALUATION 

-.223 

-2.4 
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